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Abstract
The cosmogenic radioisotope beryllium-10 (half-life = 1.5 Myr) has been
determined in suites of samples from tropical river systems and from areas of the oceans
influenced by input from the continents, and also within the mineral lattices of quartz grains
from Antarctic moraines. These data have been used to investigate the geochemistry of
10Be and apply that knowledge to development of geochronometric techniques. Beryllium-
10 is primarily produced by neutron-induced spallation of 14 N and 160 in the atmosphere;
its flux to the Earth's surface at low latitude was examined through measurements in
tropical rainfall. Distributions of 10Be and 9Be (the stable isotope) in dissolved and
particulate phases in tropical rivers were used, in conjunction with major ion data, to
delineate the geochemical cycle of Be in these river systems. Fluxes of Be isotopes from
the continents were examined in oceanic regions strongly affected by atmospheric aerosols
or by rivers. These results indicate that aeolian aerosols play a major role in delivering 9Be
to the oceans. Low levels of 10Be and 26Al (another cosmogenic radioisotope; half-life =
0.705 Myr) are produced by cosmic ray-induced spallation reactions in situ within mineral
lattices of surficial rocks, and may be used to quantify surface exposure ages. The present
work applies in situ cosmogenic production to the examination of the deposition history of
moraines of varying ages in Antarctica. It also yields estimates of 10 Be and 26Al
production rates: 6.4 _5. at/g yr and 42 20 at/g yr at sea level and high geomagnetic
latitude. The associated 26A1: 10Be production ratio is 6.5+1.3.
Work in the Orinoco and Amazon Basins defines the major factors which affect
riverine Be distributions. These include the concentration of 9Be in the rocks of the
drainage, and partitioning of both isotopes between the dissolved phase and particle
surfaces. These effects were examined individually in basins where a single process
dominates. The extent of adsorption, quantified through the use of distribution coefficients
(KD), was shown to be affected by the pH (which determines surface properties of
particles and the speciation of Be) and also by weathering intensity. At high pH, where Be
is present primarily as hydroxy-complexes, KD increases. Similarly, calculated KDS are
highest in rivers which drain regions where weathering has resulted in significant formation
of clay minerals, which are involved in cation adsorption and exchange processes. In
regions of more complete weathering, where clay minerals are broken down, KDS are
lower. The passage of 10Be through tropical river drainage basins is strongly influenced
by interaction with particle surfaces, both within soils and in the rivers themselves.
However, when the soil profiles within a region become saturated with respect to 10Be,
rivers draining that region carry out as much dissolved 10 Be as enters in rainwater.
Results from the estuaries of the Amazon and the Ganges-Brahmaputra are
consistent with earlier finding that there is significant removal of Be at low salinities. The
present work supports earlier estimates of -150 pM for the average freshwater 9Be
endmember (corrected for estuarine removal), corresponding to an annual flux of 5 x 106
mol/yr. An estimate of -250 at/g is made for the corrected 10Be freshwater endmember,
implying that only about 1% of 10Be delivered to continents reaches the oceans in dissolved
form. In contrast, the riverine particulate flux is large, on the order of the the atmospheric
flux, but this material is retained in coastal sediments.
The influence of atmospheric aerosols, in this case Saharan dust, on the Be isotope
distribution in seawater was examined through analyses of samples from the Mediterranean
Sea and its inflow and outflow. Based on water column profiles of 10Be and 9Be, it
appears that interaction between particles and seawater involves both dissolution and
adsorption of Be. A budget for the Mediterranean suggests on the order of 0.2 ppm of 9Be
is dissolved from aeolian particles during interaction with seawater. This represents -10%
of the total Be in aeolian material, assuming that they have average crustal Be
concentrations. Applying this result to global estimates of aeolian fluxes suggests that
1 x 107 to 3 x 107 mol/yr of 9Be are delivered to the oceans by this mechanism,
significantly higher than the riverine flux. Comparable values were obtained using an
ocean box model to balance the Be isotope budgets.
A suite of in situ produced cosmogenic isotopes (26A1, 10Be from the present work
combined with the 3He data of Brook and Kurz) were used for examining glacial history
and also for refining our understanding of exposure age dating. Samples were taken in
Arena Valley, Antarctica from sandstone boulders perched on moraine ridges associated
with various periods of glacial expansion. The general concordance among these three
isotopes, and the agreement with glaciological evidence, establish the utility of this method
in examining exposure ages on 50 kyr to 3 Myr timescales. Nevertheless, variations from
the expected production ratios indicate that there are several complicating factors. These
include: contamination by meteoric 10Be, the presence of 3He at the initiation of exposure
(either from an earlier exposure to cosmic rays or from inherited primordial 3He),
production of these isotopes by mechanisms other than neutron spallation reactions, and
geological uncertainties associated with the individual exposure histories of each boulder.
Measurement of a suite of isotopes provides insight into these processes, since each
additional isotope adds new and unique information to constrain the history of the samples.
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Chapter 1: Background
1.1 General introduction
Our understanding of the Earth's recent history is dependent on chemical,
biological and physical records preserved in deep-sea sediments, in polar ice, and on the
continents. Information regarding past changes in temperatures, oceanic circulation
patterns, sea level and extent of glaciation has been derived from these sources, but
absolute dating methods with which to tie data from one area of the globe to those from
another have yet to be fully developed. Several promising methods of dating use
beryllium-10, a cosmogenic radioisotope (half-life = 1.5 x 106 yr), in conjunction either
with stable 9Be or with other cosmogenic isotopes (helium-3 or aluminum-26), for age
determination in geologic materials. Recent advances in our understanding of the
geochemistry of these isotopes (Bourles et al., 1989b; Kurz et al., 1990: Lal, 1988;
Nishiizumi et al., 1989; and references therein) have suggested at least two methods in
which they may be used in age determination. The first, applicable to deep-sea sediments,
makes the assumption that dissolved 9Be and 10 Be are homogenized in ocean basins before
deposition and calculates the age using a simple radio-decay equation. Normalizing to the
stable isotope compensates for chemical fractionation of Be within the water column or in
sediments, but also introduces a dependence on the heterogeneity of the source function of
9Be weathered from continental materials or introduced through hydrothermal activity. The
other is the determination of exposure ages of surficial rocks--such as moraines, volcanic
flows, or glacially polished surfaces--through the use of cosmogenic isotopes produced in
situ within their mineral lattices. Before these methods may be properly exploited, the
geochemical behavior of Be must be more fully understood. The purposes of this thesis
are to understand the processes which transport Be from continental materials into the
hydrosphere and the marine environment, and to develop the in situ 10Be geochronometer,
applying it to the problems of erosion, exposure age and glacial history.
1.2 Beryllium-9
1.2.1 Nucleosynthesis and cosmic abundance
Beryllium has a low cosmic abundance, as shown in figure 1.1 (data compiled by
Mason and Moore (1982)), which is a result of the instability of its nucleus at the high
stellar temperatures at which most elements were formed (Burbidge et al., 1957). Since Be
must have been synthesized in a low density, low temperature medium, early hypotheses
regarding its formation (and the formation of the other low abundance L elements, lithium
and boron) suggested that spallation reactions formed these elements as stars irradiated the
gaseous envelopes or the developing solar systems (at this stage consisting of
planetesimals) which surrounded them (Fowler et al., 1962, for example). Later
experimental determinations of production rates of the L elements indicated that their
formation took place before the formation of solid bodies in early solar systems (Bernas et
al., 1965; and Bernas et al., 1967). It was assumed that stellar gravitational energy
provided the energy necessary to accelerate protons and alpha particles sufficiently for
spallation of heavier nuclei (carbon, nitrogen, oxygen) to form the L-elements.
As pointed out by Ryter et al. (1970), this mechanism requires that an unreasonably
large proportion of a star's gravitational energy be expended for acceleration of protons and
alpha particles to produce the observed cosmic concentrations of these elements. To
account for this problem it was suggested that the L elements were produced by interaction
of galactic cosmic rays with low density gas and dust in interstellar space (Reeves et al.,
1970). This mechanism was shown by theoretical calculations to be sufficient to account
for the levels of 9 Be observed in the universe and is presently generally accepted.
Cosmic abundances of the elements (z < 18)
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Figure 1.1. Cosmic abundances of light elements, normalized to silicon. Lithium (z=3),
beryllium (z=--4), and boron (z=5) are exceptionally scarce. Data compiled by Mason and
Moore (1982).
Figure 1.1:
1.2.2 Chemical properties of Be
Beryllium differs from that of other Group HA metals because it lacks occupied d-
orbitals (having a 1s22s2 electron configuration) and has high ionization energies and a
small ionic radius. Be displays sp 3 hybridization and tetrahedral symmetry in most
compounds and, unlike other Group IIA elements, cannot expand its coordination number
to six because its 3d orbitals are too high in energy to be available for hybridization.
Bivalent Be has a high charge to radius ratio which, when coupled with high ionization
energies, causes Be to form bonds which tend to be more covalent in character than those
of the other alkali metals. The small ionic radius makes it difficult for other ions to replace
Be in minerals or for Be to substitute for other cations (Wuensch and Hormann, 1978). In
addition, since BeO- tetrahedra have a greater negative charge than SiO4- or A104-
tetrahedra, isomorphous substitution of Be 2+ in a silicate lattice requires the presence of
high valence cations to balance the charge within the silicate lattice and thus is often
energetically unfavorable (Beus, 1966). This leads to the general rule that Be is
incompatible in many crystalline structures and therefore becomes enriched in residual
magmas; granite pegmatites often contain several hundred ppm (Goldschmidt, 1958; and
Wuensch and Hormann, 1978). Be substitution in certain pegmatitic minerals, such as
erikite, may reach levels as high as 5000 ppm (Vlasov, 1966). The most common
beryllium minerals are aluminosilicates such as beryl, which contains approximately 5% Be
by weight. Most Be minerals are quite rare; 60% of those known occur only in one or two
deposits (Vlasov, 1966).
The aquatic chemistry of Be is dominated by its tendency to be hydrated and to
form hydroxy-complexes. Its high charge to radius ratio causes strong interactions with
surrounding water molecules, causing them to orient their negative dipoles toward the Be2+
ions, forming the species Be(H20)2+ as shown by 170 NMR (Hunt and Friedman, 1983
and references therein). For simplicity, water of hydration will not be included in symbols
used in this discussion. As shown in figure 1.2, the major species of dissolved Be at
levels found in natural waters, at neutral to basic pH in the absence of strong organic
ligands, is Be(OH)', while at pH more acid than 5.7 free Be2+ becomes the
thermodynamically dominant form; BeOH+ never becomes the major species (Everest,
1973; and Hinz et al., 1986). The speciation of Be strongly influences its behavior in
aquatic systems; because Be 2+ is strongly hydrated, it remains in solution, whereas the
neutral species Be(OH)' tends to adsorb onto surfaces. The pH-controlled transition
between these species has important consequences for the behavior of Be in natural waters.
Other Be species exist but are generally not important in natural waters. In
concentrated solutions, where total Be exceeds 1mM, polymeric beryllium hydroxides form
at pH 5 to 6, while at pH 8 to 10 Be(OH) forms an amorphous precipitate which has
amphoteric properties and resolubilizes as Be(OH); at high pH (>11). Fluoro-complexes
are a minor species in seawater where [F-] -3 x 10-5 M (Byrne et al., 1988), but are
important in high temperature brines with high fluoride concentrations ([F-] > 104 M)
(Sololeva et al., 1984).
1.3 Beryllium-10
1.3.1 Production mechanisms
Like 9Be, 10Be is produced by spallation of heavier nuclei by cosmic radiation.
However, because its 1.5 x 106 year half-life is extremely short in terms of planetary
evolution, all of the 10Be on Earth must have been produced recently within the Earth's
atmosphere and crust. Decay of primordial 10Be has been invoked as a potential source of
heat in early planets. Our understanding of the rates and mechanisms of production of
cosmogenic isotopes such as 10Be has been greatly extended through studies of terrestrial,
100% e2+  ,- -- --
80% , Be(OH) "'
60% /
Be(OH)
40%
20% // ,' 
,'Be(OH)"
0% /a - - -.. ' ,-._' . . . . .rJt"
0 2 4 6 8 10 12 14
pH
Figure 1.2. Aqueous speciation of Be as a function of pH in dilute (<10-4 M) solutions,
based on thermodynamic data from Hinz et al. (1986) in The Gmelin Handbook.
lunar and extraterrestrial samples as reviewed by Reedy et al. (1983b). 10Be is primarily
produced by cosmic ray spallation reactions of nitrogen and oxygen nuclei in the upper
atmosphere, which occur when high energy cosmic ray particles collide with molecules of
atmospheric gas and destabilize the target nuclei breaking them into various nucleons and
cosmogenic products.
Primary cosmic radiation consists of high-energy (up to several GeV) sub-atomic
particles. Protons and a-particles constitute 90 to 95% and 5 to 10% of the nuclei
respectively, while heavier nuclei comprise only about 1%. Electrons and positrons in
cosmic radiation do not produce significant levels of cosmogenic isotopes and thus are not
important to this discussion. As cosmic ray particles enter the Earth's atmosphere they
create showers of secondary cosmic rays through interaction with molecules of atmospheric
gasses. Individual interactions of this type are called "stars" because of the star-like
appearance on photographic emulsion of the paths of the secondary nucleons moving away
from the point of collision. Secondary cosmic rays are of lower energy and more diverse
composition than primaries and have approximately equal numbers of protons and
neutrons. Neutrons penetrate more deeply through the atmosphere--they do not enter into
ionic interactions in the atmosphere as do protons--and are the major component of the
cosmic ray flux at low altitudes.
Cosmic radiation may be divided into two categories, depending upon whether its
source is solar or galactic, with different compositions, energy distributions and intensities.
Solar cosmic rays (SCR) are nuclei accelerated from the Sun's surface during solar flares
and thus have the 11-year periodicity associated with solar flare activity (Lal and Peters,
1967; Pomerantz and Duggel, 1974; and Svizhevskaya, 1983). At the top of the
atmosphere most SCR have energies of 5 to 100 MeV and a time averaged flux of 100
particles cm -2 sec- 1. The instantaneous fluxes can vary by several orders of magnitude and
so a few events during the 11-year sunspot cycle can produce most of the particles emitted
during the entire period. Because of these relatively low energies SCR particles do not
penetrate deeply into the atmosphere and produce few energetic secondary particles and
therefore relatively small quantities of cosmogenic isotopes. However, magnetic field
variations associated with changes in solar wind, which are concurrent with periods of
solar flares, strongly modulate galactic cosmic rays entering the solar system.
Galactic cosmic rays (GCR) have high energies (<10 to 1020 MeV, with most
falling in the range of 100 to 3000 MeV) but primary fluxes of about 3 particles cm-2 sec- 1;
they produce substantial fluxes of secondaries as they interact with the atmosphere (Reedy
et al., 1983a). The flux of lower energy (E < 1GeV) GCR particles reaching the Earth is
greatly reduced during periods of high solar activity, because of the magnetic changes
induced by the solar wind, before entering the Earth's atmosphere. High energy (E >
5GeV) particles are not modulated by these solar cycles. The GCR flux is also affected on
timescales of 105 years by variations in the Earth's magnetic field.
1.3.2 Spatial variability in production rate
The flux of cosmic rays decreases as they interact with matter. On Earth cosmic
rays are attenuated as they interact first with the atmosphere and then with solid material on
the Earth's surface. Within the atmosphere the relationship between altitude and
cosmogenic production can be represented through the equation
Pz = P 1030e( 1030 -z)/L
where P is the production rate in at g-1 yr-1, z represents atmospheric depth in g cm -2 (z =
1030 g cm-2 at sea-level), L is the attenuation length in g cm -2 . Attenuation of cosmic rays
in solid materials may be described using analogous equations. Because of latitudinal
variations in the energy spectrum of cosmic ray neutrons, their attenuation lengths vary
with latitude and there is a wide range of published values; from -200 g cm -2 at low
geomagnetic latitude to -140 g cm-2 at geomagnetic latitude >60' (Lingenfelter, 1963; and
Simpson and Fagot, 1953). At low geomagnetic latitudes low energy cosmic rays are
unable to penetrate the atmosphere so the flux is reduced and its population is biased
toward high energy particles which have greater attenuation lengths. This reduction in
cosmogenic production at low latitudes has been studied through measurements of sea level
secondary neutron fluxes over a wide range of latitudes (Rose et al., 1956).
1.3.3 10Be input to the Earth's surface
While the latitudinal dependence of the production rate causes some variability in
the flux of 10Be to the Earth's surface, mixing between the stratosphere (where
approximately 70% of 10Be is produced) and the troposphere (where the remaining 30% of
10Be is produced) has a stronger affect (Lal and Peters, 1967; and O'Brien, 1979). The
efficiency of stratospheric-tropospheric mixing and rates of removal via precipitation have
been examined using fission products (primarily 9OSr) introduced by stratospheric bomb
tests. These studies showed that most transfer of stratospheric material occurs at mid-
latitudes, where there is a discontinuity in the tropopause. The fallout pattern is
independent of the latitude of 90Sr input, consistent with the stratospheric aerosol residence
time (-1 yr) being comparable to the mixing rate of stratosphere. The tropospheric
residence time of aerosols is much shorter, it has been estimated to be on the order of one
month, using the cosmogenic isotope 7Be (half-life = 53.4 days) as a tracer (Raisbeck et
al., 1981). Since the residence time of stratospheric aerosols is long relative to the 7Be
half-life, stratospherically produced 7Be is delivered to the Earth's surface only in regions
of enhanced intrusion of stratospheric air into the troposphere. Such regions also
experience increased delivery of 10Be. Silker (1972) noted that the latitudinal variation in
the flux to the Earth's surface is reflected in sea surface 7Be concentrations between 100S
and 400 N. A maximum in 7Be activity found at 100 N during summer months was
attributed to enhanced input of stratospherically produced cosmogenic isotopes due to
movement of the Intertropical Convergence Zone (an atmospheric region of enhanced
convection, precipitation, and stratospheric-tropospheric mixing) to this latitude.
The flux of 10Be to the Earth's surface has been estimated through direct
measurements of 10Be concentrations in precipitation, in deep-sea sediment cores, and in
ice cores, and through theoretical calculations based on measurements of cosmic ray
neutron fluxes or "star" production on photographic emulsions. At temperate latitudes
rainwater most reported 10Be concentrations are in the range of 10,000 to 25,000 at g-1 (L.
Brown et al., 1989b; Raisbeck et al., 1979; Somayajulu et al., 1984; and Monaghan et al.,
1985/86). Estimated fluxes range from 0.35 to 1.89 x 106 atom cm-2 yr-1 and are
summarized in table 1.1. A recent study (based on long-term precipitation collection at
several North American sites) yielded a global average rate of 1.2 + 0.7 x 106 atom cm-2
yr 1 (Monaghan et al., 1985/86). This value has a large standard deviation which
emphasizes the uncertainties associated with spatial variability in deposition and with the
adjustments necessary to compensate for contamination of the samples by dust and local
soils.
1,4 Terrestrial distributions of beryllium isotopes
1.4.1 Be geochemistry in soils
Soil, particularly clay- and humic-rich fractions, strongly adsorbs 10Be deposited
by rainfall and dry fallout. Studies of 7Be (half-life = 53.3 days) demonstrate the tendency
of Be to adsorb strongly from fresh water onto particulate matter, with partition coefficients
(KD = [quantity of Be/g solid]/[quantity of Be/ml water]) between 105 and 106 (Balestrieri
and Murray, 1984; Hawley et al., 1986; You et al., 1989; and references therein). The
concentration of 10Be in soils is high but variable, ranging from 108 to 109 atoms per gram
Table 1.1
Method Be-10 production rate reference
(at/cm^ 2yr)
Theoretical 790,000 O'Brien (1979)
Semi-empirical 660,000 Reyss et al. (1981)
Semi-empirical 570,000 Amin et al. (1975)
Semi-empirical 1,420,000 Lal and Peters (1967)
Sediment core 470,000 Somayajulu (1977)
Sediment core 630,000 Finkel et al. (1977)
Sediment core 950,000 Tanaka et al. (1982)
Sediment core 1,890,000 Raisbeck et al. (1981)
Sediment core 660,000 Southon et al. (1987)
Sediment core 500,000 Henken-Mellies et al. (1990)
Wet precipitation 1,330,000 Raisbeck et al. (1979)
Wet precipitation 1,580,000 Somayajulu et al. (1984)
Wet precipitation 1,040,000 Klein and Middleton (1984)
Wet precipitation 1,210,000 Monaghan et al. (1985/86)
of soil, with higher values often associated with clay-rich soils which have high surface
area to mass ratios and more sites available for exchange (L. Brown et al., 1981;
Monaghan et al., 1983; Pavich et al., 1984; Pavich et al., 1985; and Pavich et al., 1986).
In soil profiles 10Be concentrations generally decrease with depth, except in cases where
the clay content of the soil is variable, where acidic groundwaters induce transport, or
where erosion and deposition of soil have affected the structure.
The residence time of 10Be in a soil profile varies considerably from location to
location as it is dependent on soil types, erosional processes and the acidity of local rain
and ground water. Monaghan et al. (1983) examined 10Be profiles in five sites with
organic-rich soil types (Mollisols and Spodosols), known geomorphic surface ages, and
minimal erosion. The measured inventories of 10Be were all less than 8% of the value
which would be expected if radio-decay were the sole sink, thus requiring another
mechanism for loss from the soil profile. Monaghan et al. (1983) proposed that 10Be was
removed by groundwaters and had a residence time in soils on the order of 104 years. In
contrast, Pavich et al. (1984), Pavich et al. (1985), and Pavich et al. (1986) determined
residence times one to two orders of magnitude higher in clay-rich Ultisols and concluded
that loss through ground water was minimal, using a single groundwater measurement at a
similar site. They also suggested that the discrepancy between their work and that of
Monaghan could be the result of coring to an insufficient depth in the earlier work; this
would lead to a low estimate of the o10Be inventory. Given the fact that 10Be generally
decreases exponentially with depth in soil profiles, it seems unlikely that 90% of the
inventory would be missed through insufficient coring depth. Use of 10Be profiles in soils
to quantify soil erosion rates may yield ambiguous results because of uncertainties in
erosional and depositional processes in soils and the extent of adsorption, mobilization, and
transport of 10Be.
1.4.2 Be in rivers and estuaries
Riverine 9Be concentrations have a wide range and an inverse relationship (when
normalized to silicate) with pH (Measures and Edmond, 1983). Acidic rivers (pH < 6.5)
have high dissolved Be concentrations, probably due to decreased particulate adsorption of
Be and enhanced continental weathering at low pH. Laboratory studies have confirmed the
relationship between Be removal onto seawater particulates or amorphous ferric hydroxides
above pH 5.7 and changes in Be speciation (Bloom and Crecelius, 1983; and You et al.,
1989). This dependence on pH is also apparent in estuaries of acidic rivers; studies have
demonstrated that Be is apparently removed in association with coagulating iron oxy-
hydroxide solids (Measures and Edmond, 1983).
Few measurements of dissolved and suspended particulate riverine 10Be
concentrations have been published. However, an extensive suite of samples of riverbank,
flood plain and bedload sediment from rivers draining the eastern United States have been
analyzed for 10Be. The concentrations, in the range of 1 to 10 x 108 at g-1, are somewhat
lower than typical surface soils in the region (L. Brown et al., 1988). With the
assumptions that 10Be is irreversibly bound to particle surfaces, and that the materials
examined are representative of suspended sediments, L. Brown et al. (1988) proposed that
the ratio of output to input of 10Be within the river basin could be used to index the
difference between current and historic erosion rates. This analysis suggests that present
land use has increased soil loss in much of this region. In a similar examination of 10Be in
Taiwanese rivers, You et al. (1988) found that bedload sediments had very low 10Be
concentrations (1 to 10 x 106 at g-1). This was interpreted as the result of intense
weathering in the region. Their mass balance suggests that the flux of 10Be in rain is
approximately balanced by the output in river sediments, indicating that there has not been a
significant increase in the erosion rate at that site.
1.4.3 Be in oceanic waters
A goal of much of the work on Be isotope geochemistry has been the application of
10 Be:9Be as a "soft rock" geochronometer for the 0.1 to 15 Myr timescale. In deep sea
sediments there are few dating methods which may be used for this time interval and they
may only be applied to specific points in a core. For example, the Brunhes-Matuyama
magnetic reversal at 700 kyr can be used to date a specific depth in an undisturbed core;
4K:40Ar dating may be used to date a layer of volcanic ash but only if such a layer is
present in the core of interest. These methods can be extended to other cores through cross
correlation of parameters such as 180 stratigraphy. In order to validate the use of
10Be:9Be as a dating method it is critical to know whether the oceanic residence time of Be
is sufficiently long for isotopic homogenization to occur. A number of studies have
examined the distribution of Be isotopes on an ocean-basin basis.
In the oceans Be tends to be scavenged rapidly. Profiles for 9Be in both the
Atlantic and Pacific have been published (Ku et al., 1990; Kusakabe et al.,1987a;
Kusakabe et al., 1987b; Measures and Edmond, 1983; and Segl et al., 1987) and their
forms reflect the differing fluxes of 9Be to the two basins. Since 9Be is introduced
primarily from continental materials through rivers or dust, the Atlantic has high but
variable surface values (10 to 25 pM), but constant values of about 25 pM in deeper water.
This may be explained by a one-dimensional model involving biological uptake followed
by remineralization and dissolution at depth. In Pacific surface waters, which have less
extensive inputs from the continents than those of the Atlantic, 9Be has values in the range
of 4 to 10 pM. These increase rapidly with depth across the main thermocline and then
more gradually, reaching values around 28 pM in bottom waters.
Because it has little longitudinal variability in its source function, 10Be has oceanic
distributions which differ from those of 9Be. In the Atlantic surface water concentrations
range from 800 to 1600 at g-1, averaging about 1000 at g-1. Lower values are observed at
200 to 500m, probably associated with biological activity, and relatively constant values,
somewhat higher than at the surface, below that depth (Ku et al., 1990; Kusakabe et al.,
1987a; and Segl et al., 1987). The deep water distributions indicate "nutrient-like"
behavior, increasing from -1000 at g-1 in the deep Atlantic to 2000 at g- 1 in the Pacific
(Kusakabe et al., 1987a). Pacific surface waters are generally somewhat lower in 10Be
than those of the Atlantic. From these values it can be seen that 10Be:9Be is about two
times higher in the deep Pacific than in the deep Atlantic. Typical profiles of Be isotopes
are shown in figure 1.3. As pointed out by Peng et al. (1990) these observations require
that the residence time of Be in the oceans is comparable to the time of oceanic mixing. If
the residence time were significantly shorter than the ocean mixing time the Pacific
enrichment in 10Be would not be observed. On the other hand, if the residence time were
significantly longer the isotope ratio would be homogeneous throughout the oceans.
Another source of 9Be to the oceans is hydrothermal fluid which has interacted with
oceanic basalts. Be concentrations are high (10 to 37 nM), enriched approximately 1000-
fold relative to ambient seawater, in hydrothermal vent waters emanating from sediment-
starved ridge axis sites such as 210 N (Von Damm et al., 1985a). In spite of the
enrichment, Von Damm et al. (1985a) found that the extraction efficiency of Be from rocks
into hydrothermal fluids is low (< 2 x 10-4), consistent with the refractory nature of Be in
minerals. Hydrothermal waters associated with sediment covered spreading centers (such
as the Guaymas Basin) are generally higher in Be (12 to 91 nM) than fluids from
sediment-starved systems, probably because of interaction with overlying sediments
(Bourles et al., 1989c; and Von Damm et al., 1985b). The total flux of Be from
hydrothermal vents has been calculated to be 1.6 to 5.3 x 106 mol yr-1 using estimates of
primordial 3He fluxes from the vents and measured 9Be: 3He values for hydrothermal
endmembers (Von Damm et al., 1985a). This estimate is on the order of the riverine flux
estimated by Measures and Edmond (1983) but it does not take into account the possibility
of far-field removal of Be from the hydrothermal plume associated with precipitation of
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Figure 1.3. Typical profiles of 10Be and 9Be in the Atlantic and the Pacific. Atlantic data
(represented by filled diamonds) are from a profile at 3401.0'N, 630 0.0'W (Ku et al.
(1990)). Pacific profiles (represented by open boxes) were taken at 25 00'N, 1690 59'E for
10Be and at 24016.4'N, 169 031.6'E for 9Be (Kusakabe et al., 1987).
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ferromanganese oxy-hydroxides. Recent data on the Be content of hydrothermal plume
particles suggests that such removal is not extensive in the open ocean (C.R. German, C.I.
Measures, pers. comm., 1990). Other evidence suggests that the influence of
hydrothermal activity on water column Be concentrations is restricted to within a few km of
vent sites (Campbell, 1985; and Bourles et al., 1989a). However, since this work was
done in the Gulf of California, a region of high fluxes of biogenic and detrital particles, it
may not be representative of the world oceans.
There have been a number of estimates of the oceanic residence time of Be. Most
early estimates used a simple inventory+flux model to calculate residence ames. Raisbeck
et al. (1980) calculated a mean oceanic residence time of 630 years from water column 10Be
concentrations in the Mozambique Basin and an estimated global 10Be flux of 1.3 x 106 at
cm-2 yr-1. Measures and Edmond (1983) used fluvial and hydrothermal fluxes to compute
a whole ocean residence time for 9Be of 3600 years. Since the oceanic mixing time is on
the order of 1000 years these values suggest that Be isotopes may be homogenized at least
on an ocean basin scale. More recently the reactivity of Be in the oceans has been
examined through comparisons with other particle reactive elements such as thorium and
protactinium. By measuring 10Be, 230Th, and 2 31Pa in surface sediments, Anderson et al.
(1990) found that 10Be was removed at a greater rate in regions of high sediment
accumulation. This is consistent with the observation that there is not a wide range in 10Be
concentrations (5 x 108 to 5 x 109 at g-1) in surficial sediments. They proposed that this
enhanced scavenging at boundaries removes as much as 50% of the 10Be supplied to the
oceans and estimated that regional residence times in the Pacific range from -~100 yrs at the
margins to -1000 yrs in the central gyre, with a rough estimate of a mean residence time of
500 years for the Pacific. Ku et al. (1990) used similar methods to calculate basin-wide
residence times for Be of -500 yrs in the Atlantic and -1200 yrs in the Pacific.
1.4.4 Be in deep-sea sediments
Since the pioneering work of Arnold (1956), Goel et al. (1957), and Merrill et al.
(1960) there have been numerous studies of Be isotopes in sediments working toward their
use as a geochronometer. These have shown that, in widely differing pelagic
environments, surficial sediments have a relatively narrow range in concentration of 5 x
108 to 5 x 109 at g-1. By making the assumptions that 10Be had been produced at a
constant rate over the past 5 million years and that it was rapidly scavenged out of the water
column and permanently sequestered in the sediments, Amin et al. (1975) calculated
sediment accumulation rates which matched those estimated from magnetic reversals
present in the cores. Tanaka and Inoue (1979) and Inoue and Tanaka (1976) dated five
north Pacific cores using variations in 10Be concentrations relative to overlying sediments.
They obtained good agreement with dates based on magnetic ages, demonstrating the
potential of 10Be dating in central ocean sediments. Mangini et al. (1984) determined 10Be
in a core from the Central North Pacific and found that the decrease in 10Be concentration
with depth had three distinct exponential trends. These were interpreted to be the results of
changes in the sedimentation rate. In addition, 10Be has been determined in discrete layers
of manganese nodules for the purposes of examining nodule growth rates (Turekian et al.,
1979; and Krishnaswami et al., 1982) and of examining past variations in 10Be deposition
(Ku et al., 1982; and Segl et al., 1984).
Recently Bourles et al. (1989b) examined 10Be:9Be in surface sediments from a
number of sites throughout the world's oceans and found that in deep-sea sediments
10 Be:9 Be in the authigenic phase (defined as material which is susceptible to
hydroxylamine leaching) was close to 10Be:9Be in the overlying deep waters. In order to
further examine the geochronometric potential of these isotopes they determined 10Be:9Be
in a core (RC12-65) extending back to 9 Myr which has been characterized through
extensive paleomagnetic stratigraphy (Bergren et al., 1985; and Foster and Opdyke, 1970).
This core showed a generally smooth exponential decrease in 10Be:9Be but with a slope
which would be associated with a half-life of ~1.3 x 106 years, assuming that the
stratigraphically determined sedimentation rate is correct. They proposed a number of
mechanisms to explain this discrepancy. These include an increase in 10Be production with
time, preferential mobilization of 10Be relative to 9Be during early diagenetic reactions, a
decrease in 9Be input from the continents, and finally an adjustment of the half-life of 10 Be
from 1.5 to 1.3 Myr. In later work on pelagic and hemipelagic pore waters Bourles et al.
(1989a) suggested that early diagenesis does not affect authigenic 9Be to any great extent
and, by analogy, must not affect the isotope ratio. Furthermore, lunar and meteoritic
evidence (reviewed by Reedy et al. (1983b)) tends to rule out the possibility of a factor of
two change in cosmogenic production on the 106 to 107 yr timescale. This leaves the
possibilities that the accepted 10Be half-life is incorrect or that there has been a decrease in
the 9Be flux at this site. Recent experimental evidence suggests that the 10Be half-life may
be 1.3 x 106 yr (J. Klein pers. comm., 1990), which would explain the observed profile.
1.4.5 In situ production
A small fraction (-~).1%) of the cosmic ray flux penetrates through the entire
atmosphere and interacts with material at the Earth's surface, producing very small
quantities of the cosmogenic isotopes in situ within the mineral lattices of exposed rocks.
The use of these in situ produced cosmogenic isotopes in examining geomorphological
processes was proposed 35 years ago by Davis and Schaeffer (1955) who suggested that it
is possible to calculate the exposure age of a rock surface from the concentration and
production rate of an in situ produced isotope. Recently, improvements in analytical
sensitivity have made it possible to measure the minute quantities of 3He (Kurz, 1986a;
Kurz, 1986b; and Craig and Poreda, 1986), 10Be and 26A1 (tl/2 = 7.05 x10 5 years) (Yiou
et al., 1984; and Klein et al., 1986), and 36C1 (tl/2 = 3.01 x10 5 years) (Phillips et al.,
1986; and Leavy et al., 1987) produced in surficial rocks using a practical sample size.
Later work has demonstrated the utility of this method for examining exposure ages and
problems in geomorphology, but has also shown that there are a number of questions
which must be addressed before the method may be routinely used for dating surfaces or
constraining erosion rates (E.T. Brown et al., 1989a; Kurz et al., 1990; Nishiizumi et al.,
1990; Nishiizumi et al., 1989; and Phillips et al., 1990). Specifically, the production rates
of cosmogenic isotopes need to be better constrained, and criteria must be developed for
assuring that samples are closed systems (neither lost nor gained cosmogenic isotopes
except through in situ production and radioactive decay), and have simple exposure
histories.
1.5 Research strategy and objectives
This thesis has the following goals related to the continental geochemical cycles of
the beryllium isotopes:
* Understanding the parameters and processes affecting Be geochemistry in river systems
and their associated watersheds. These include local geology, vegetative cover, suspended
sediment loads, partitioning between dissolved and particulate phases, and formation of
secondary minerals. This information may be applied to constraining fluxes of Be through
continental systems. Chapter 3 focuses on factors influencing Be distributions within river
waters, while Chapter 4 examines the cycling of 10Be though a tropical watershed.
- Examining fluxes of 9Be to the oceans with the goals of understanding the transport of
Be from the continents and the processes affecting Be in the marine environment, and
considering the ways in which past changes in these inputs may be reflected in 10Be: 9Be in
the sedimentary record. These aspects of the geochemical cycles of Be are discussed in
Chapter 5.
35
* Developing the use of cosmogenic isotopes (10Be and 26A1) produced in situ in surficial
minerals to determine exposure ages and erosion rates. In Chapter 6 in situ produced
cosmogenic isotopes are used for examination of the deposition history of moraines from
the Antarctic Dry Valleys.
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Chapter 2: Analytical methods
2.1 Beryllium-9 by electron capture detection-gas chromatography
2.1.1 General description
Analyses of stable beryllium were performed following the electron capture
detection-gas chromatographic (ECD-GC) method described in detail by Measures and
Edmond (1986). This method is highly sensitive, having been developed for determination
of Be in seawater. Although the absolute detection limit of the method is 2pM on a 150 ml
sample and most previous work has been done in the 5 to 40 pM range, the detector has a
linear response curve at least to 800 pM, an order of magnitude higher than that used by
Measures and Edmond (1986). Utilizing the higher concentrations available in river waters
improves both the signal-to-noise and signal-to-blank ratios and allows optimization of the
quantity of sample used for analysis. Since river waters generally have much higher levels
of Be (50-5000 pM) than seawater (3-40 pM), samples were diluted with distilled
deionized water to bring the concentrations into a working range of 30 to 200 pM.
In this method aqueous Be in a pH-buffered 150 ml sample is reacted with 1,1,1-
trifluoro-2,4-pentanedione (trifluoro-acetylacetone or Htfa; redistilled Eastman Kodak),
and the resulting Be(tfa)2 complex is extracted into benzene. Since the reaction rate is
influenced by pH, and by concentrations of reactants and buffers, the final volume was
always brought to 150 ml before reaction; this eliminates the need for optimization of
reaction conditions for each individual analysis. The pH was maintained at ~5.2 through
the addition of a sodium acetate buffer. Excess iron, which could interfere with the
reaction between Be and tfa, was complexed by the addition of EDTA. The differential
solubility of benzene in solutions of variable ionic strength was monitored by an internal
standard, 2,6-dichlorobiphenol (PCB), which was spiked into the benzene. Since PCB is
insoluble in aqueous solutions, it is quantitatively retained in the organic phase, and its
concentration in the benzene after extraction is inversely proportional to the volume of the
organic phase. The internal standard also normalizes variations in the volume of benzene
injected into the gas chromatograph.
The GC analysis of the samples used a 15 meter x 0.3 mm o.d. 0.5 pm film DB210
capillary column (J & W Scientific). Column temperature and pressure conditions
(typically 1150 C and 14 psi) were selected to give retention times of approximately 1.5 and
4.5 minutes to the Be(tfa)2 complex and the PCB internal standard, respectively. The
temperature and pressure were adjusted over the life of the column to compensate for
stationary phase degradation. The Be(tfa)2 and PCB were detected with a 10 to 15 mCi
6 3Ni electron capture detector, which is highly sensitive to halogenated hydrocarbons. The
output of the GC was transferred to a Hewlett Packard integrator prograi-ned as described
by Measures and Edmond (1986). In order to monitor variations in column efficiency and
detector sensitivity a pair of identical standards (with Be equivalent to 92 pM in the 150 ml
solution) was run after every 3 or 4 samples. Concentrations were calculated from drift
corrected peak heights according to the following formula
( sampleBe blankBe
samplePCB blankPBC 1 (150 x 92
Be (pM) stdBe blankBe vol. sample)
"stdPCB blankPBC
The relative uncertainty associated with these analyses is ±8%, based on long-term
reproducibility studies.
2.1.2 Elimination of interfering peaks
Dissolved organic carbon, present at high levels in some rivers, can overlap with or
obscure the peaks of interest in the chromatogram. Typically samples were exposed to
ultraviolet radiation (using a Canrad-Hanovia lamp cat # 189A10 in an apparatus patterned
after that described by Measures and Burton (1980)) for six to eight hours, before reaction
and extraction, to eliminate any dissolved organic matter present Empirical evidence
demonstrates that adjusting the pH of acidified samples to -3.8 enhances the effectiveness
of the UV oxidation. However, many riverine samples contain dissolved organic matter
resistant to UV oxidation; several methods of minimizing this interference were studied.
Running the GC at lower temperature and pressure improves the separation between
Be(tfa)2 and the interfering peaks. However, because of the drawbacks of this procedure
(loss of sensitivity and increased separation time), methods of chemically eliminating
organic matter were investigated. The simplest was the addition of 0.2 to 1.0 ml of 30%
hydrogen peroxide (Mallinckrodt reagent grade) to the sample prior to UV irradiation and
extension of the irradiation to twelve hours. This enhanced oxidation was adequate for
many samples in which Be concentrations were high enough so that only small volumes
(<25 ml) of river water were required for the analysis. Introduction of as much as 5 ml of
hydrogen peroxide did not affect blanks.
In cases where this was not sufficient attempts were made to remove the dissolved
organic material chemically. In the first method samples were passed through a column
packed with ca. 20 ml of cleaned XAD resin which was then rinsed with ca. 50 ml distilled
deionized water. This proved unsatisfactory; it not only increased blank levels of Be, but
some of the interfering compounds were not retained on the resin and remained in solution.
A pre-extraction of samples with benzene proved to be the most useful method for
chemically eliminating interfering organic material resistant to peroxide-enhanced UV
oxidation. Five ml of pure benzene (no PCB added) were added to the sample after pH
adjustment and addition of the EDTA and acetate buffers. Samples were shaken for one
hour and then allowed to settle overnight before separating the phases and discarding the
benzene which had extracted the interfering organic compounds. In the pre-extraction,
EDTA serves to complex Be, retaining it in the aqueous phase by minimizing formation of
hydrophobic organic Be complexes. After this pre-extraction, PCB-spiked benzene and tfa
were then added to the aqueous fraction which was reacted, extracted, and analyzed in the
usual manner. Although residual benzene from the pre-extraction diluted Be(tfa)2 in the
final organic phase, normalization to the internal standard compensated for that dilution.
Standards run with and without pre-extraction were found to be identical within analytical
uncertainty.
2.2 Beryllium- 10 and Aluminum-26 by accelerator mass spectrometry
2.2.1 Introduction
Early studies of 10Be were carried out using radiochemical counting techniques.
These involved complex radiochemical purifications and long periods of counting with
low-level -counters (Arnold, 1956; Goel et al., 1957) or, later on, with highly sensitive
needle-type gas counters (Inoue and Tanaka, 1976). The advent of accelerator mass
spectrometry (AMS) greatly increased the sensitivity of analyses of 10Be and other rare
cosmogenic isotopes. AMS was first experimentally employed by Alvarez and Cornog
(1939) to detect the presence of 3He in terrestrial He. The underlying concept behind the
method as it is applied to radioisotopes, described by Muller (1977), is that it is often easier
to measure atoms directly than to wait for them to decay and employ conventional counting
techniques. The accelerator is necessary to give particles the high energies required for
elimination of isobaric interferences (by means of absorption by foils or nuclear charge
identification), for separation from tails of the more abundant stable isotopes, and for use
of single ion detection systems. The earliest papers applying AMS to 10Be analyses in
terrestrial samples (Raisbeck et al., 1978; Raisbeck et al., 1980; and Turekian et al., 1979)
demonstrated that AMS could improve detection limits by over four orders of magnitude,
greatly broadening its applications in studying geological processes.
2.2.2 10 Be analysis
The details of analyses of 10Be and 26Al using the General lonex Tandetron AMS
system at Gif-sur-Yvette have been discussed elsewhere (Bourles, 1988; Raisbeck et al.,
1987; Yiou et al., 1986; and Raisbeck et al., 1984) and will be briefly reviewed here with
the aid of the schematic diagram of the Tandetron shown in figure 2.1. The BeO or A120 3
targets, processed as described below, are individually introduced into a cesium sputter ion
source (General lonex Model 860). The samples contain a known quantity of the stable
isotope (9Be or 27A1) so the analysis is effectively and isotope dilution. The resulting beam
of BeO- ions (typically 1 to 2 pamp) is accelerated through a 20 kV extraction voltage and
focussed by an einzel lens before passing through a 90' injection magnet which is set to
alternate between the voltages which introduce 9BeO- and 10BeO- (masses 25 and 26,
respectively) into the accelerator. An interfering ion, 10BO- is also injected into the
accelerator, minimization of this interference is discussed below. Negative ions of the
selected mass are then accelerated across a potential of 2.2 MV to the central electrode of
the tandem. Since this first acceleration requires negative ions, it precludes species which
are unable to form anions. At this point the ions pass through a stripping canal filled with
argon which breaks up molecular ions (including BeO-) and strips outer electrons from Be
to form a range of charge states, the most abundant of which is Be 2+. The positive ions are
further accelerated from 2.2 MV at the central electrode to ground. To eliminate other ions
the beam then passes through an electrostatic analyzer (which selects the 2+ charge state)
and two analyzing magnets. The first analyzing magnet directs 9Be into a Faraday cup,
but sends mass 10 onward, through a carbon foil. In traversing this foil 10B, the
interfering isobar, loses more energy (because of its higher atomic number) than does
10Be. Passing through the foil also redistributes the charge states of Be, making Be 3+ the
most abundant. The difference in energy between 10Be and 10 B enhances discrimination
Het ratcdab L
Eleatroptatio Faraday cup
Figure 2.1. Schematic diagram of the Tandetron AMS. See section 2.2 for details.
Atr~table
radw ow
Injection
between them in the second analyzing magnet (which is tuned for Be3+) and reduces
10B: 10Be by a factor of -500.
As mentioned above, the high energy of the ions allows the use of extremely
sensitive gas-ionization detectors. These consist of a AE detector (which is sensitive to the
differential ionization rates of different atoms) followed in series by a ER detector (which
detects the residual energy of the particle after it has passed through the first detector). The
detectors' signals are transferred to a bidimensional multichannel analyzer. Results from a
single sample are presented in figure 2.2. As can be seen in the AE versus ER spectrum
there is good separation from extraneous peaks. Since each ion has unique energy and
energy loss properties, 10B entering the detector is well separated from 10Be. However, if
more than 40,000 counts per second of 10B are present the current must be reduced
because that level of 10B begins to swamp the detector and may, in fact, damage the mylar
foil at the entrance of the detector.
A measurement typically consists of a series of ten sets of 100 second periods of
10Be detection each paired with two consecutive five-second periods of 9Be measurement.
The 9Be current produced during these periods is monitored to assure the beam is stable.
The ratio of the 10Be counting rate to the 9Be current is compared to the ratio produced by a
standard of known 10Be:9Be. The standard is run three times daily; its signal varies by
-3% over the course of a day. The instrumental contribution to uncertainty is
conservatively estimated to be 5%, although 2 to 3% is probably a more realistic estimate.
Most of the samples in this work had their precision limited by counting statistics because
of the low levels of cosmogenic isotopes present. The relative 1-sigma uncertainty was
determined by
(i)2 + (0.05)2
where N is the number of events detected.
52
21-FEB-0 12:27:38 3CW EB '87-5 LF6 *3169
ENREGISTREMENT: PDP 97 N. 28
54t
53:
52:
51:
50:
49:
48:
47:
46:
45
44
43:
42:
41:
40:
39:
38:
37:
0 0
001 0
000
0 0 0 0 0 0
0 0 0
0 0
0
36:
35: 0
34:
33:10
32:0101 0
31:0211201 0
30:332312 20 0
29:2 0 0
28:0 0 0
27:1
26:
25" 0
24:
23: 0
22:
21: 0
20:1
19: 00
18:00 0 01 1. 33
17: C; C1 21
16: 0 C 0 C.
15:0 0 0
14:0
13:
12:
11:
10:
9:
8:
6:
5:
4:
3:
2:
1:
0:?
0 0 0
0
0 00 
444344554?: 30
445555554> 0:
1 2' I "' . L 0
in - 0 17
C 10'2ci:22232311:000S 00 0101100 I:'. 200102 ' 12
0 0 0 0
0 ;
: 54
: 53
: 52
: 51
: 49
: 4S
* 46
: 46
: 45
: 44
4
: 42
: 41
' 40
.38
. 37
: 35
: 34
: 32
2 1
: 20
: 29
: 29
: 26
: 24
: 23: 24
: 2"
: 2,"
: 1
: 18
: *1
: 1;
: 1-
* 14
: 4
: 5f
• 4
• 2
0
0 10 20 - 4 '.
Figure 2.2. A typical AE-E spectrum for 10Be analysis. Data on the energy and the energy
loss of the particles is collected in a bidimensional multichannel analyzer. The plot is
composed of a grid, each point representing a pair of channels. The numbers in the grid
represent the number of particles (as a base 2 logarithm) detected with those energy
characteristics. Each species occupies a unique region in AE-E space; the 10Be peak is in
the window bounded by the asterisks.
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Total blanks in these samples had 10Be:9Be of 3 x 10-15, which corresponds to
approximately 5 at g-1 in a 20 liter water sample or 20,000 at g- 1 in a 5 g rock sample.
These blanks are significantly lower than the analytical uncertainties. They correspond to
than 1% of the signal in most samples, less than 10% in all riverine samples and less than
2% in all quartz samples.
2.2.3 26A1 analysis
Analysis of 26A1 is similar that of 10Be with some important modifications.
Isobaric interference from 26MgO- precludes use of the intense A10- beam and requires that
Al be introduced to the accelerator as Al-, eliminating the isobaric interference since Mg-
ions are unstable. Because the emission of Al- ions is inefficient, the current rarely
exceeds 100 nA. A more subtle isobaric interference, discussed by Raisbeck et al. (1987),
results from the injection of 26MgH- into the accelerator during brief instabilities in
extraction voltage associated with sparks which occasionally.occur in the ion source. This
problem is eliminated completely by temporarily halting data acquisition when an ion
source spark occurs. The central electrode of the accelerator is filled with argon which
destroys molecular ions and strips electrons from the ions, forming a range of charge
states, of which A13+ is the most favorable for analysis. These positive ions are further
accelerated from the central electrode to ground, and then introduced to the electrostatic and
magnetic analyzers. The accelerator is run at a terminal voltage of 1.93 MV (compared to
2.2 MV for Be) because the analyzing magnets are not capable of steering Al3+ ions
through the flight tube at the higher energy. The first analyzing magnet sends 27A1 into a
Faraday cup but directs 26Al on through the flight tube. The carbon foil placed between the
two analyzing magnets during 10Be analyses is not used since there is no isobaric
interference for 26A1 analogous to the 10B interference for 10Be. Finally, because of the
lower range of the 26Al3+ ions relative to 10Be3+, the gas pressure within the detector is
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Figure 2.3. A AE-E spectrum for 2 6A1 analysis. Data on the energy and the energy loss of
the particles is collected in a bidimensional multichannel analyzer. The plot is composed ol
a grid, each point representing a pair of channels. The numbers in the grid represent the
number of particles detected with those energy characteristics, and letters of the alphabet
represent 10 through 35 counts. Each species occupies a unique region in AE-E space; the
26A1 peak (in the window bounded by the plus signs) is well-separated from interference
from neighboring peaks.
lowered to allow the ions to pass through both detectors. Impurities in A120 3 targets may
cause interfering peaks in the AE-ER spectra. However, as shown in figure 2.3 which is a
spectrum from a low level sample, the peaks are sufficiently resolved and these
interferences do not present a problem in these analyses.
2.2.4 Sample preparation;
All 10Be samples were spiked for isotope dilution with 0.5 mg of 9Be purified from
beryl mineral (provided by C. Francis, Harvard Geologic Museum, catalog # 117191).
This material was used because commercially available Be has been reported to have a
higher 1oBe blank (Middleton et al., 1984), probably because chemical purification of Be
uses water containing atmospherically produced loBe. Samples were spiked with 27A1
after their inherent 27A1 content had been determined as described below.
The preparation of BeO and A120 3 targets followed the methods described by
Bourles (1988) and is detailed in figure 2.4. It involves separation of Al and Be, if
appropriate, by ion exchange resin and purification through a series of solvent extractions
followed by precipitation in alkaline solution. The final BeO (or A120 3) is combined with
silver or carbon powder and packed into a molybdenum target holder.
Because the first samples prepared at MIT suffered from isobaric interference due to
boron in the final BeO target, the method was modified to minimize levels of boron. All
reagents and labware were analyzed for B using a spectrophotometric curcumin method
similar to that described by Uppstroem (1968). Conventional distilled water was shown to
contribute small quantities of B so sub-boiled quartz distilled water (Spivack and Edmond,
1986) was used to minimize this. Introduction of B to samples from labware was also
examined and it was found that Falcon brand disposable centrifuge tubes could contribute
high, but variable, levels of B to samples. This could be eliminated by rinsing the tubes
with HF or by using teflon centrifuge tubes. Finally, it is believed that airborne dust can be
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Figure 2.4. Schematic diagram of purification of BeO and Al203 for AMS targets. There
are three different types starting materials: iron oxyhydroxide coprecipitates, sediment
leachates in hydroxylamine hydrochloride and acetic acid, and rock digests in HF. Each of
these sample types is treated differently. All acids are concentrated reagent grade unless
otherwise specified. DDW stands for double distilled water, SBDW for sub-boiling
distilled water.
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a significant factor in contaminating targets with B. To avoid such contamination samples
were prepared in "class 100" filtered air laminar flow benches (Environmental Air
Company, Inc.) and the evaporation steps were carried out under filtered air scrubbed to
remove B using two NaOH impregnated filters followed by a 0.45 gm Millipore filter
(Spivack, 1986). Even with these precautions B contamination remained an occasional
problem.
2.3 Other methods
2.3.1 Al by graphite furnace zeeman atomic absorption
Since 26Al is determined by isotope dilution, it is necessary to measure the level of
stable 27A1 naturally present in the samples accurately and, in some cases, to add 27A1 to
provide sufficient material to produce a target for AMS. Although the graphite furnace
atomic absorption method is well established for Al at the levels present in quartz digests,
the sample matrix presents a number of problems; it consists of relatively concentrated HF
with significant amounts of dissolved Si. AlF 3 sublimes at 129 10C (lower than the
recommended charring temperature for graphite furnace analyses of Al) and Si may
precipitate in the furnace causing extreme problems in reproducibility. To simplify the
matrix (by driving off HF and H2SiF 6) samples were taken to near dryness three times
(under filtered air) and brought up to volume in concentrated HNO3. To avoid problems
associated with precipitation of CaF2 or amorphous silica, samples were not allowed to dry
completely. The final solution was then diluted 50-fold for a preliminary analysis and then
analyzed a second time using standard additions to eliminate matrix effects. The selected
furnace conditions are shown in table 2.1. The relative uncertainty of the analysis is
estimated to be less than 5% based on the uncertainty associated with the standard addition
line fits and on replicate analyses.
2.2.3 U and Th by inductively coupled plasma mass spectrometry
Uranium and thorium were determined in 5 ml aliquots of quartz digests in order to
examine the possibility of radiogenic production of 10Be and 26A1. These analyses were
performed by flow injection isotope dilution inductively coupled plasma-mass spectrometry
(ICP-MS). In order to remove HF the quartz digest solutions were prepared in the manner
described above for Al analysis. The final solution was brought up to a volume of 10 ml in
~IN HNO3. This was spiked for isotope dilution with a combined enriched U-Th standard
(generously provided by J. Blusztajn, MIT) with 230Th:232Th = 10.97, YTh = 1.577 ppm;
235U:238U = 1500, YU = 1.514 ppm. A standard with 230Th: 232Th = 10.97 and
235U:238U = 1.527 was analyzed several times during the run to monitor mass
fractionation. Technical aspects of flow injection ICP-MS have been described elsewhere
(Falkner and Edmond, 1990); operating conditions are summarized in table 2.2. Since in
natural Th the 230Th: 232Th ratio approaches 0 and there was virtually no 238U in the spike,
the following two isotope dilution equations were derived to calculate the concentrations
(mol g- 1) of Th and U in the quartz:
1h (21h22hsic
Th = mass qtz (%232Thsp ik e) (moles spiked) ( (3Th:232Th)esure )
and
U = moles spiked
(%238Unatural) mass qtz ((235U: 238U)measured - (235U:238U)natural)
The analytic uncertainty is estimated to be 5% based on replicate analyses.
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2.3.2 Major ions and nutrients
Analyses of Na, K, Ca, and Mg were performed with flame atomic absorption,
while ion chromatography was employed for analyses of Cl and SO4 and alkalinity was
determined by titration. Nutrients (PO4 and H2SiO4) were analyzed spectrophotometrically
using the molybdenum blue technique. All methods are well established and are described
in Stallard and Edmond (1983).
Atomic absorption run parameters
Perkin-Elmer Zeeman 5000
Element: Al
Tube: unpyrolized
Sample aliquot: 2 0p~l
Matrix: dil HNO3
Wavelength: 394.5
Slit: 0.7 nm
HGA-500 Keyboard Entries
step 1 2 3 4 5 6
temp (*C) 90 110 1400 2500 2800 20
ramp time (s) 1 10 15 0 1 1
hold time (s) 0 12 15 4 4 4
record 22 0 0 0
read 0
baseline 25
flow (ml/min) 50
Uranium and Thorium analysis:
ICP-MS run paramters
Injection parameters
injection loop: 250l.
eleunt: 0.8N HNO3
eleuent flow rate: 1 mI/min.
gas flow rates (I/min): cool=14.8 neb=0.73 aux=0.58
Scan parameters:
masses: 230,232,235,238
400 sweeps, 80 gsec dwell, 512 channels
nm
References
Alvarez, L. W. and R. Comog. (1939). "3He in helium." Phys. Rev., 56. 379.
Arnold, J. R. (1956). "Beryllium-10 produced by cosmic rays." Science, 124. 584-585.
Bourles, D. L. (1988). Etude de la geochimie de l'isotope cosmogenique 10Be et de son
isotope stable 9Be en milue oceanique: Application a la datation des sediments marins.
Ph.D. thesis, Universite Paris XI, Centre d'Orsay.
Falkner, K. K. and J. M. Edmond. (1990). "Determination of gold at femtomolar levels in
natural waters by flow injection inductively coupled plasma mass spectrometry." Anal.
Chem., 62. 1477-1481.
Goel, P. S., D. P. Kharkar, D. Lal, N. Narasappaya, B. Peters and V. Yatirajam. (1957).
"The beryllium-10 concentration of deep sea sediments." Deep-Sea Res., 4. 202-210.
Inoue, T. and S. Tanaka. (1976). "10Be in marine sediments." Earth Planet. Sci. Lett., 29.
155-160.
Measures, C. I. and J. D. Burton. (1980). "Gas chromatographic method for the
determination of selenite and total selenium in sea water." Anal. Chim. Acta, 120. 177-
186.
Measures, C. I. and J. M. Edmond. (1986). "Determination of beryllium in natural waters
in real time using electron capture detection gas chromatography." Anal. Chem., 58. 2065-
2069.
Middleton, R., J. Klein, L. Brown and F. Tera. (1984). "Beryllium-10 in commercial
beryllium." Nucl. Instr. Meth., B5. 511-513.
Muller, R. A. (1977). "Radioisotope dating with a cyclotron." Science, 196. 489-494.
Raisbeck, G. M., F. Yiou, D. Bourles, J. Lestringuez and D. Deboffle. (1984).
"Measurement of 10 Be with a Tandetron accelerator operating at 2 MV." Nucl. Inst. Meth.
Phys. Res., B5. 175-178.
Raisbeck, G. M., F. Yiou, D. Bourles, J. Lestringuez and D. Deboffle. (1987).
"Measurements of 10Be and 26Al with a Tandetron AMS facility." Nucl. Inst. and Meth.,
B29. 22-26.
Raisbeck, G. M., F. Yiou, M. Fruneau and J. M. Loiseaux. (1978). "Beryllium-10 mass
spectrometry with a cyclotron." Science, 202. 215-217.
Raisbeck, G. M., F. Yiou, M. Fruneau, J. M. Loiseaux, M. Lieuvin, J. C. Ravel, J. M.
Reyss and F. Guichard. (1980). "0Be concentration and residence time in the deep
ocean." Earth Planet. Sci. Lett., 51. 275-278.
Spivack, A. J. (1986). Boron Isotope Geochemistry. Ph.D. thesis, Massachusetts Institute
of Technology/Woods Hole Oceanographic Institution, WHOI-86-10.
Spivack, A. J. and J. M. Edmond. (1986). "Determination of boron isotope ratios by
thermal ionization mass spectrometry of the dicesium metaborate cation." Anal. Chem., 58.
31-35.
Stallard, R. F. and J. M. Edmond. (1983). "Geochemistry of the Amazon. 2. The
influence of geology and weathering environment on the dissolved load." J. Geophys.
Res., 88. 9671-9688.
Turekian, K. K., J. K. Cochran, S. Krishnaswami, W. A. Lanford, P. D. Parker and K.
A. Bauer. (1979). "The measurement of 10Be in manganese nodules using a tandem van de
Graaf accelerator." Geophys. Res. Lett., 6. 417-420.
Uppstroem, L. (1968). "A modified method for the determination of boron with curcumin
and a simplified water elimination procedure." Anal. Chim. Acta, 43. 475-486.
Yiou, F., G. Raisbeck, D. Bourles, J. Lestringuez and D. Deboffle. (1986).
"Measurement of 10Be and 26Al with a Tandetron accelerator mass spectrometer facility."
Radiocarbon, 2A. 198-203.
64
Chapter 3 Beryllium geochemistry in tropical rivers
3.1 Introduction
The distribution of beryllium isotopes in rivers within the Orinoco and Amazon
Basins has been examined with the goals of developing the use of these isotopes as a
geochronometer, and in studying erosional processes. These applications are discussed in
Bourles et al. (1989), Pavich et al. (1986) and references therein. The main field area for
this work, the Orinoco Basin in Venezuela, was selected because it contains a wide range
of weathering environments, its riverine geochemistry has been extensively studied (Palmer
and Edmond, 1990 in press; Yee et al., 1987; and Edmond et al., 1990 in prep.), it is
relatively unaffected by human activity, and it is a large enough system to be significant on
a global scale. The geological and geochemical settings of the Orinoco tributaries are
discussed in detail elsewhere (Palmer and Edmond, 1990 in press; and Edmond et al.,
1990 in prep.) and will be reviewed in section 3.3.
Samples of dissolved and suspended phases were collected at various seasons and
provide a framework for understanding the processes which influence the distribution of
Be in rivers. These factors include: the concentration of 9Be in the rocks of the watershed,
the extent of secondary mineral formation, and the adsorption of Be onto particle surfaces
(which is related to the pH-dependent speciation of Be). Ancillary data, such as major ion
distributions, provide a basis for selecting regions dominated by a single one of these
processes so that its effects on Be may be isolated. Further information may be gained
through studying both 9Be and 10Be. Because 10Be is brought into the system in the
dissolved or exchangeable form, it is influenced only by processes which affect partitioning
between the dissolved and particulate phases. This Chapter will use 9Be and 10Be in
investigating speciation and particle-dissolved interactions while Chapter 4 will examine the
cycling of 10Be through tropical river basins. An understanding of Be geochemistry in the
diverse environments of the Orinoco Basin can be applied to interpretation of the range of
10Be: 9Be observed in various reservoirs.
3.2 Sampling procedures
Samples were collected during several expeditions to the Orinoco Basin between
1982 and 1988. In many cases the same rivers were sampled during various flow stages.
Sample locations are summarized on the maps in figure 3.1. Since large volume samples
required for analysis of 10Be were only collected during the 1987 and 1988 expeditions to
the left bank tributaries of the Orinoco such samples were generally not available from the
more acidic rivers which drain the right bank. However, it was possible to obtain samples
from acidic Amazon tributaries in association with the AMASEDS Expedition, thus
broadening the range of river types examined in this work.
Samples were generally taken from small boats using a plexiglass bottle holder at
the end of a wooden pole. In sampling, bottles were submerged to 10 to 20 cm below the
water's surface, filled, and rinsed three times before collecting the actual sample. Trace
element samples were vacuum filtered in the field through either 0.4 jtm (before 1987) or
0.2 gm (1987 and after) acid leached Nuclepore filters into acid leached high density
polyethylene Nalgene bottles. Comparison of Be concentrations in samples filtered
through both pore sizes suggests that there is no significant difference between the two
pore sizes, at least in rivers with high suspended loads. Trace element samples were
acidified to pH 1.5 with 6N triple quartz distilled HC1 either in the field or after returning to
the laboratory. Large volume samples for 10Be were collected in 20 1 cubitainers and were
processed in the field by pressure filtering through 0.22 im Millipore (Millipak 60) filter
cartridges using a 12 volt DC powered miniature gear pump (Cole-Parmer catalog #N-
07012-20). Filtrates were then acidified to pH 1.5 with HC1, spiked with 0.5 mg 9Be,
equilibrated for several hours, and then coprecipitated with Fe(OH)3 after adjusting the pH
oW
Figure 3.1. Maps of sampling locations in the Orinoco Basin.
Figure 3.1a shows the sub-basins described in the text. These are numbered on the map
as: 1 Upper Caroni, 2 Right Bank, 3 Parguaza, 4 Lowland Shield, 5 Floodplains (Apure,
Meta), 6 Portuguesa, and 7 Andes. The mainstream of the Orinoco is below the heavy
line. Stippled regions are outside of the drainage of the Orinoco.
Figure 3.lb shows the river ID numbers of sample sites on the Right Bank, the Caroni, the
Parguaza, and the Lowland Shield sub-basins. Data associated with these rivers are
presented in Appendix 1.
Figure 3.1c shows station numbers of sampling sites in the Floodplain, the Portuguesa,
and the Andes sub-basins.
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to 8.5 with NH40H. Samples for major ions and nutrients were vacuum filtered in the
field through 0.45 p.m Millipore filters; 50 ml nutrient samples were acidified to pH 1.5 in
the field.
Suspended solids were physically removed from the Millipak filter cartridges by
freezing the cartridges after filling them with Comrning distilled water. This was effective in
loosening fine sediments from filter surfaces. After thawing the cartridges were placed in
an ultrasonic bath to further resuspend and loosen sediments and the slurry of suspended
sediment was collected. This was repeated until virtually all sediment was removed from
the filter cartridges. In order to develop a technique which selectively leached material in
equilibrium with the dissolved phase, two different types of leaches (0.04 M
hydroxylamine hydrochloride in 25% acetic acid, for 6 hours at 90'C; 1N HCI for 6 hours
at 900 C as described by Tessier et al. (1979) and Bourles et al. (1989)) were performed in
parallel on two pairs of sediment samples. These were followed by total digestion in
hydrofluoric and nitric acids heated by microwave in teflon bombs. The data are
summarized in figure 3.2. The 1N HC1 leach appears to attack the lattice material so it was
not used in further studies.
Details of analytical techniques are presented in Chapter 2.
3.3 Geochemistry of the Orinoco Basin
The Orinoco River drains a wide range of rock types and weathering environments.
The headwaters and eastern right bank tributaries of the Orinoco originate in the
southwestern Precambrian Guyana Shield. The geology of this area has not been studied
in detail, because much of it is covered by rain forest and a thick layer of heavily weathered
material (Gibbs and Barron, 1983). As the Orinoco makes its way toward the ocean it is
fed by tributaries which, for the purposes of this study, have been divided into seven
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groups (see figure 3.1a), comparable to those discussed in Palmer and Edmond (1990 in
press). The left bank tributaries flow through large floodplains (or llanos) composed of
Andean sediments before they join the mainstream. They will be examined in two distinct
regions: the Apure the headwaters of which are dominated by weathering of Andean
igneous and sedimentary rocks, and and the Lowland shield which has headwaters draining
the Guyana Shield. The right bank drains the Guyana Shield, and will be examined in
three subsections defined by the dominant lithology of the drainage.
The rivers of the right bank are divided into three sub-basins of fairly homogeneous
lithology. The Parguaza rapakivi granite (region 3 on map) is a heavily weathered batholith
(Gaudette et al., 1978). Rivers draining it are acidic (pH as low as 4.0), due to the
presence of organic acids from the overlying jungle, and have very low ionic strengths,
indicative of transport limited weathering. The rivers of this region have chemical and Sr
isotopic compositions which suggest that rocks in their drainage basins are being
completely weathered to gibbsite and quartz (Edmond et al., 1990 in prep.; and Palmer and
Edmond, 1990 in press). The bulk of the other right bank rivers will be examined in a
single group (region 2 on map). The major ion compositions of these rivers indicate that
formation of secondary minerals is occurring in these regions (Edmond et al., 1990 in
prep.; and Palmer and Edmond, 1990 in press). These rivers all drain felsic formations,
with the exceptions of a few rivers within the upper Caroni (region 1) which are influenced
by mafic intrusions.
The Apure drainage was the most thoroughly sampled in this study. Its rivers are
generally dominated by weathering of sedimentary rocks (largely carbonates) and their
major ion compositions are not greatly different from global average river water. The
headwaters of the Apure originate in the Cordillera de Merida extension of the Andes
(region 7) which is composed of Precambrian and Paleozoic sedimentary rocks with
Triassic and Devonian felsic intrusions. It then flows through foothills of younger
(Tertiary and Mesozoic) sedimentary deposits. Ternary plots of anions and cations
Alk
A Region 5 Floodplains (Apure)
A Region 6 Portuguesa
X Region 7 Andes
X
AA
I At
A A AA
A
Si (Cl + SO4)
Leftbank Ternary Anion Plot
Figure 3.3. Ternary plots of river compositions within the Orinoco Basin. These may be
compared with similar plots for the Amazon Basin presented by Stallard (1985).
Figure 3.3a shows anion distributions in rivers of the Floodplain, Portuguesa, and Andes
sub-basins. The rivers in the Portuguesa sub-basin are primarily near the alkalinity apex,
consistent with carbonate formations in the drainage, with some movement toward the Cl +
SO 4 apex in rivers influenced by evaporites and black shales. The Andean rivers are
grouped closer to the silicate apex; they are more influenced by weathering of igneous
rocks. The rivers within the floodplains are influenced by both of these sources.
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Figure 3.3b shows cation distributions in rivers of the Floodplain, Portuguesa, and Andes
sub-basins. The Portuguesa sub-basin rivers drain carbonates and fall primarily near the
Ca apex, except for a few rivers which have drainages dominated by dolomite rather than
limestone. The Andean rivers show more influence of weathering of igneous rocks and
shales, as they trend toward the K+Na apex. Rivers within the Floodplains show the
influence of tributaries draining both igneous and sedimentary rocks.
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Figure 3.3c shows the cation distributions of the right bank. Virtually all the rivers are
dominated by silicate weathering; the pattern follows the differentiation trend of average
igneous rocks.
Ca
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(figures 3.3a through 3.3c) show that the major ion chemistry of these rivers is influenced
by both silicate and limestone weathering (Palmer and Edmond, 1990 in press). As the
Apure enters the floodplain (region 5, marked by typical braiding and oxbow features) it
resuspends sediments, particularly at high flow, because of strong currents. Farther into
the floodplain suspended sediment is progressively deposited because of gentler
topography and the resultant river broadening and reduction in current velocity. The
Guaviare and the Meta also drain the Andes but were sampled only at their lower reaches.
In this discussion they are included with rivers of the Apure floodplain in region 5.
Tributaries which drain Cenozoic and recent sediments and Mesozoic shales and
carbonates enter the Apure as it makes its way through the floodplain. These rivers, which
are grouped together in the Portuguesa sub-basin (region 6), are dominated by weathering
of carbonates (primarily limestone, although dolomites are important in a few locales) and
of pyritic shales, but show little influence of silicate weathering (see ternary diagrams,
figures 3.3a though 3.3c). The composition of the Apure mainstream at the confluence
with the Orinoco thus represents a mixture of rivers draining differing sources and
interacting with the sediments of the floodplain.
In contrast to those of the Apure Basin, the leftbank rivers of the Lowland shield
(region 4) have little Andean influence and instead drain outcrops of the Guyana Shield.
They have low dissolved loads and are quite acidic, with pH as low as 4.2. Because they
flow though plains composed of Andean sediments before joining the Orinoco, their
compositions show the influence of weathering of relict solid phases resulting from earlier
less intense weathering.
3,4 Beryllium data overview
Dissolved Be concentrations in the Orinoco Basin from the present work and an
earlier study (Measures and Edmond, 1983) are compiled in Appendix 1 along with
selected major ion data. Average Be concentrations span a wide range within the sub-
basins of the Orinoco, (figure 3.4) and are influenced by several factors. The first is the
concentration of Be in the terrain drained by the river. During crustal petrogenesis Be is an
incompatible element and thus shows substantial variation in concentration from one rock
type to another. Drainage basins dominated by granites, such as the Parguaza, have high
levels of Be while those such as the Portuguesa (which drains sedimentary and
carbonaceous terrain) or the upper Caroni (which drains mafic intrusions) are lower. The
scatter in the data, made evident by the large standard deviations in figure 3.4, is a result of
inhomogeneities of lithology within the basins, seasonal variations in river chemistry, and
interactions with sediment. After Be is removed from mineral lattices by weathering, it is
partitioned between dissolved and particulate phases. This partitioning is affected by the
extent of secondary mineral formation (because Be may be retained in and adsorbed on clay
minerals) and by the pH-dependent speciation of dissolved Be. Dissolved and
hydroxylamine leachable particulate phase (HLPP) 10Be concentrations from various rivers
are shown and table 3.1. There is a wide range in dissolved concentrations, as is the case
with the stable isotope, but the total (dissolved + HLPP) concentrations per gram of river
water vary by less than a factor of 10. The cycling of 10Be through these river basins will
be discussed in Chapter 4.
3.5 Geologic influences on riverine beryllium-9 concentrations
The influence of rock composition on 9Be concentrations in rivers may be studied
in a river basin where the complicating effects due to interactions with particles are
minimal. In regions such as the Parguaza sub-basin, where weathering intensity is high
and pH is low, Be might be expected to be removed from the rock to the dissolved phase
virtually quantitatively. If this is the case then variations in rock composition will be
reflected by the distributions of 9Be in outflowing waters.
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Figure 3.4. Average concentrations of dissolved Be in rivers within the sub-basins of the
Orinoco. The error bars represent the standard deviations of the data, and n represents the
number of samples from rivers within the basin.
River name F
Orinoco Basin
Right bank
Cuchivero 3
Cuchivero 3
Orinoco below Apure 2
Orinoco below Apure 2
Floodplain
Apure @ El Perro 1
Apure @ S Fernando 1
Apure @ S Fernando 1
Apure @ S Fernando 1
Apure bel Uribante 1
Apure bel Uribante 1
Apure bel Uribante 1
Apure bel Uribante 1
Apure bel Uribante 1
Apure @ el Chirel 1
Apure @ el Chirel 1
Apure @ el Chirel 1
Apure @ el Chirel 1
Apure @ el Chirel 1
Guaritico 1
La Tigra @ Apure 1
La Tigra @ Apure 1
La Tigra @ Apure 1
Portuguesa
Ospino 1
Ospino 1
Morador 1
Morador 1
Andes
Canagua 1
Canagua 1
Caparo 1
Caparo 1
Amazon Basin
Amazon @ Macapa
Negro@ Manaus
Negro@ Manaus
Solimnoes @ Manaus
Amazon estuary 2.5ppt
liver ID Samole ID Be-9 (mot/at ±error Be-lO (atIa~ ±error 101Q tat/att ±error suso sed IaIka~ Kd Re-Q +error Kd Be-lO ±error
01
01
064
064
101
102
102
102
107
107
107
107
107
109
109
109
109
109
141
563
563
563
321
321
331
331
501
501
531
1531
826 dissolved
826 N leach
827 dissolved
827 N leach
825 dissolved
922 dissolved
922 N leach
922 N digest
812 dissolved
812 N leach
812 N digest
812 HCI leach
812 HCI digest
824 dissolved
824 N leach
824 N digest
824 HCI leach
824 HCI digest
920 dissolved
814 dissolved
814 N leach
814 N digest
802 dissolved
802 N leach
803 dissolved
803 N leach
808 dissolved
808 N leach
810 dissolved
810 N leach
AM89-1 diss
AM89-2 diss
AM89-2 N lead
AM89-3 diss
AM89-17 diss
2.17E-12
1.23E-07
2.14E-12
9.90E-08
2.55E-13
1.78E-13
1.38E-07
2.46E-07
6.86E-13
1.35E-07
2.91 E-07
2.21E-07
2.45E-07
2.81E-13
1.14E-07
3.37E-07
2.92E-07
1.43E-07
4.50 E-13
3.52E-13
1.28E-07
3.00E-07
7.80E-14
7.07E-08
1.46E-13
9.92E-08
7.37E-13
1.90E-07
8.06E-13
1.03E-07
1.05E-12
2.41E-12
1.12E-07
7.80E-13
4.07E-13
1.74E-13
9.84E-09
1.71E-13
7.92E-09
2.04E-14
1.42E-14
1.11E-08
1.97E-08
5.49E-14
1.08E-08
2.32E-08
1.77E-08
1.96E-08
2.25E-14
9.13E-09
2.70E-08
2.34E-08
1.14E-08
3.60E-14
2.82E-14
1.02E-08
2.40E-08
6.24E-15S
5.66E-09
1.17E-14
7.93E-09
5.90E-14
1.52E-08
6.45E-14
8.24E-09
8.40E-14
1.93E-13
8.96E-09
6.24E-14
3.26E-14
9.93E+02
5.57E+07
1.16E+03
5.71E+07
1.24E+02
6.61E+01
1.29E+07
5.54E+01
9.66E+06
3.94E+06
1.60E+07
1.05E+06
1.26E+02
2.02E+07
9.90E+06
2.76E+07
2.89E+06
1.48E+02
1.40E+02
3.65E+07
1.57E+07
1.09E+02
5.06E+06
1.24E+02
5.98E+06
2.78E+01
2.72E+01
2.89E+06
1.46E+01
1.05E+06
5.76E+05
1.38E+06
3.75E+05
2.55E+01
1.49E+06
1.21E+06
2.99E+06
8.14E+05
6.09E+01
3.57E+01
4.95E+06
1.41E+06
7.60E-10
7.52E-10
9.02E-10
9.58E-10
8.08E-10
6.17E-10
1.55E-10
1.34E-10
1.19E-10
2.25E-11
1.20E-10
7.12E-12
7.45E-10
2.94E-10
4.88E-11
1.57E-10
3.37E-1 1
5.46E-10
6.61E-10
4.75E-10
8.71E-11
1.03E-10
9.10E-11 I
1.20E-10
1.26E-10
1.92E-10
2.58E-10
3.68E-11
3.69E-11
1.60E-11
3.75E-12
1.41E-11
2.61E-12
1.62E-10
3.20E-11 I
7.14E-12
2.12E-11
9.87E-12
2.29E-10
1.77E-10
7.48E-11
1.05E-11
0.067 5.67E+04 6.41E+03 5.61E+04 8.00E+03
0.067 4.64E+04 5.24E+03 4.92E+04 7.37E+03
0.095
1.260 1.97E+05 2.23E+04 1.74E+05 4.96E+04
0.422 4.06E+05 4.59E+04 1.60E+05 3.45E+04
0.041 3.62E+05 4.09E+04 2.61E+05 7.53E+04
0.497 3.62E+05 4.09E+04 2.61E+05 7.53E+04
0.076 9.07E+05 1.02E+05
0.042 6.79E+05 7.68E+04
0.011 2.57E+05 2.91E+04
2.68E+02 6.83E+01
9.45E+02
3.35E+03
2.34E+08
3.85E+02
3.50E+02
2.41E+02
3.44E+02
2.55E+07
5.12E+01
4.20E+01
5.52E-10 1.48E-10
1.50E-09
2.31E-09
3.47E-09
8.20E-10
1.43E-09
3.99E-10
3.01E-10
4.69E-10
1.27E-10
2.06E-10
0.285 1.28E+05 1.44E+04
0.004 4.65E+04 5.25E+03 6.99E+04 1.05E+04
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Variability in the concentration of Be in rocks is primarily due to the incompatibility
of Be during fractional crystallization. Because potassium is incompatible relative to
sodium during differentiation, the ratio of these elements in igneous rocks may be used as
an index of the degree of differentiation, and hence of the enrichment of incompatible
elements. A group of data on K:Na and Be concentrations of average mafic and felsic rock
types is plotted in figure 3.5. This figure shows a general relationship, covering a rather
broad field. If the samples were from a single formation, it is likely that a stronger
correlation would be found.
Figure 3.6 plots Be versus K:Na for samples from rivers with pH 6.0 (data from
Edmond et al. (1990 in prep.)). The data from rivers which have not had extensive contact
with floodplain sediments (mostly from the Parguaza region) correlate well (r = .91) with
the exception of rivers from the Upper Caroni which drain mafic outcrops and fall below
the line, consistent with the differing trends of mafic and felsic rocks in figure 3.5. The
average K:Na for whole rocks from the Parguaza Batholith is 1.0 (Gaudette et al., 1978),
comparable to the maximum values observed in the rivers. A similar relationship is
observed for Be and Rb:K using the Rb data of Palmer and Edmond (1990 in press), but
since K:Na data are more commonly available they will be used throughout this discussion.
Assuming that weathering is going to completion, leaving residues of quartz and gibbsite,
the relationship between Be and K:Na in the original rocks may be estimated by plotting the
ratio of dissolved Be to the total cations converted to oxides against K:Na (figure 3.7). The
slope obtained from the riverine data are within the field defined by the rock analyses
shown in figure 3.5.
The relationship between K:Na and Be in acidic rivers flowing through floodplains
(represented by open diamonds in figure 3.6) is distinct from that observed in acidic
streams draining igneous rocks. In these floodplain rivers (in the Lowland Shield) the ratio
of K:Na in the dissolved phase is related to the ratio in clay minerals rather than in igneous
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Figure 3.5. Beryllium vs potassium:sodium ratio in igneous rocks. These data define a
field in which differentiation increases both K:Na and Be. Mafic rocks define a region
which is distinct from that of felsic rocks, having lower Be concentrations. Data is taken
from Flanagan (1973), Taylor (1964), Turekian and Wedepohl (1961) and Vinogradov
(1962)
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Beryllium concentration in rivers more acid than pH 6 as a function of K:Na
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Figure 3.6. Beryllium vs potassium:sodium ratio in rivers with pH < 6.0. Filled
diamonds represent rivers draining felsic rocks, crosses represent those draining mafic
intrusions, and open diamonds represent rivers which have had contact with floodplain
sediments.
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Figure 3.7. Beryllium+(cations converted to oxides) vs potassium:sodium ratio in rivers
with pH 6.0. Filled diamonds represent rivers draining felsic rocks, and crosses
represent those draining mafic intrusions. The values of Be should correspond
approximately to Be concentrations in the rocks being weathered. The trends observed fall
within the fields defined for felsic and mnafic rocks in figure 3.5.
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rocks. The tendency of alkali group elements to be retained in such secondary minerals is
inversely related to their charge-to-radius ratio (or ionic potential), which systematically
decreases down the group (Na>K>Rb>Cs) (Stallard, 1988; and references therein). This
means that in a system where weathering has not gone to completion and secondary
minerals (enriched in K relative to Na) have been formed, K:Na will be low (-0.1) in the
dissolved phase. In contrast, a system where weathering has been intense will have high
K:Na (~0.8). In Lowland Shield rivers the scenario is more complex. As noted by Palmer
and Edmond (1990 in press) the acidic streams of the Lowland Shield have low ionic
strengths, indicating that weathering is transport limited. The observed high values of
dissolved K:Na probably result from weathering of relict secondary minerals produced
during earlier less intense weathering and dissolved Be distributions may be due
interactions with particle surfaces rather than to concentrations in the minerals themselves.
3.6 pH of samples
The inverse relationship between Be and pH in riverine waters was first described
by Measures and Edmond (1983) who suggested that the increase in Be concentrations
between pH 7 and 5 was associated with changes in Be speciation over this pH range.
Data from the present work (figure 3.8) shows the relationship between Be and pH; and
although there is a general inverse relationship between pH and dissolved Be across the pH
range, there is also substantial scatter in the data, indicating that there are other factors
which influence levels of dissolved Be. The composition of the rocks being drained is also
an important factor in acidic waters, as was demonstrated above. At pH greater than 7 the
relationship between Be and pH breaks down.
The data suggest that Be tends to adsorb onto particle surfaces in the pH range
where it forms hydroxy complexes. The speciation of Be, based on the thermodynamic
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data presented in table 3.2, is shown in figure 3.9. BeOH+ is never the dominant species.
This is consistent with observations here that dissolved Be decreases as pH is raised from
5.5 to 6.5. Previous treatments of aquatic Be speciation have proposed that BeOH+ is the
dominant species at near neutral pH and that the transition between this species and the free
ion is reflected in the particle reactivity of Be (Byrne et al., 1988; Measures and Edmond,
1983; and Turner et al., 1981). This body of literature is based on a value of 10-13.65
(Green and Alexander, 1965) for the stability constant for the reaction
Be2+ + 2H20 Be(OH) + 2H + .
This value has been propagated through the literature in compilations of equilibrium
constants (Baes and Mesmer, 1976) in spite of the fact that values in the range of 10-11
have been reported more recently by numerous workers (see Hinz et al. (1986) for a review
of the thermodynamic data presented in table 3.2). The experiments which yielded 10-13.65
determined the hydrolysis constants by measuring the difference between the amount of Be
which was complexed by a Schiff base and the quantity which would have been expected
to be complexed by the Schiff base if no Be were hydrolyzed (Green and Alexander,
1965). However, as noted in the original paper, there may have been problems with the
chemical stability of the ligand, and it is not clear that the system was stable and
equilibrated during the course of the experiment. A value of 10-11.3 is used throughout this
discussion.
3.7 Particulate-dissolved interactions
The pH-dependent speciation of Be has a significant effect on its tendency to adsorb
onto particle surfaces. In order to evaluate particulate-dissolved interactions in more detail,
10Be and 9Be were determined in suspended sediments associated with some of the
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Figure 3.9. Aqueous speciation of Be as a function of pH in dilute (<10-4 M) solutions,
based on data from Hinz et al. (1986) in The Gmelin Handbook.
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Table 3.2
Hydrolysis constants of beryllium
Reaction
Be2+ - Be(OH)+ + H+
Be 2+ --: Be(OH) + 2H+
Be2+  > Be(OH)j + 3H +
2Be 2+ Be 2(OH)3+ + H+
3Be 2+  > Be 3(OH) J+ + 3H +
3Be 2+ -- Be 3(OH) + + 4H +
log Kequilibrium
-5.7
-11.3
-24.1
-3
-8.8
-14
Polymeric species are not important in natural waters and are included only for
completeness. Data summarized from Hinz (1986) in The Gmelin Handbook of
Inorganic Chemistry.
dissolved samples. The effects of pH, sediment loading, and particle surface properties on
these interactions will be examined in the following sections.
Suspended sediment was examined by using the hydroxylamine-hydrochloride
leaching technique discussed above to isolate material in equilibrium with the dissolved
phase. Such material will be referred to as the hydroxylamine leachable particulate phase or
HLPP. Several samples were examined in this way for 10 Be and 9Be: three collected at
high flow from locations progressively farther downstream in the Apure floodplain (sample
IDs 812, 814, and 824) and one from the floodplain at low flow (922), and also acidic
waters from the right bank and mainstream of the Orinoco (826, 827) and the Rio Negro
(AM89-2) in the Amazon Basin. In addition several streams draining the foothills of both
igneous (808, 810) and sedimentary-carbonate (802, 803) portions of the Andes have been
analyzed for dissolved and HLPP 9Be. These data are summarized in table 3.1.
These results suggest that the partitioning of Be between dissolved and particulate
phases is an equilibrium process; distribution coefficients (KD = [(atomn/g
sediment)/(atom/ml water)]) are useful in quantifying this partitioning and are plotted in
figure 3.10 as a function of pH. These coefficients are not thermodynamic constants
because they describe apparent bulk partitioning and are not mineral specific. At each of
the four sites with pH below 6.5 the KDs calculated for 10Be and for 9Be are similar. In
contrast, in rivers with pH above 6.5 distribution coefficients calculated from 9Be (up to
8 x 105) are higher than those computed from 10Be which never exceed 2 x 105.
These variations in 9Be KD are related to the settings of sample collection locations.
Samples from acid rivers with low suspended loads (Orinoco, Negro, Cuchivero) and
rivers draining igneous Andean deposits have nearly identical KDs for both 10Be and 9Be.
The Apure mainstem has flowed through extensive sedimentary deposits and has KDS from
9Be higher than those from 10Be. High values for distribution coefficients for 9Be were
also found in tributaries draining carbonates in the Portuguesa Basin; these could contribute
to the values observed in the Apure. Determinations of Ca in the HLPP of suspended
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Figure 3.10. Distribution coefficients of Be as a function of pH in rivers. The KDS
calculated from 10Be show some increase with increasing pH, but those calculated with
9Be show a much greater increase. This is probably associated with attack of non-
equilibrated material during the leaching procedure. See text for details.
sediments in these rivers showed that CaCO3 is not a significant portion of the particulate
phase, hence carbonate solids (which probably contain little 10Be and are completely
dissolved by the leaching procedure) in the suspended load cannot be the source of the high
values in the Portuguesa Basin. The variations in distribution coefficients observed in the
floodplain probably occur because the lattices of the suspended sediments (which contain
9Be but little 10Be) are weakened by formation of secondary minerals and thus become
more vulnerable to attack by hydroxylamine leaching. This hypothesis is supported by the
observation that the proportion of total particulate 9Be in the HLPP is higher in the samples
with higher KDS, indicating that the HLPP 9Be no longer exclusively represents material in
equilibrium with river waters.
These distribution coefficients may be compared to published values determined
using cosmogenic 7Be (half-life = 53.4 days) in natural fresh water settings (Hawley et al.,
1986; and Olsen et al., 1986). Values based on 7Be in natural waters and their associated
suspended sediments have a wide range, from 1.5 x 104 to 5 x 106. Although these
published values of KD are highly scattered, it has been suggested that they have inverse
relationship with total solids concentrations. The KDs from the Orinoco Basin fall in the
middle of the range found for 7Be but have no relationship with suspended solids
concentrations, over total solids concentrations ranging from 4 to 1200 mg 1-1. Distribution
coefficients calculated from 7Be must be viewed with caution. Adsorption experiments
have shown that equilibration between the dissolved and particulate phases requires three or
more weeks, on the order of the half-life of 7Be (Balestrieri and Murray, 1984; Bloom and
Crecelius, 1983; Li et al., 1984; Nyffeler et al., 1984; and You et al., 1989). In addition,
the input of 7Be may be quite variable at a single site (Turekian et al., 1983; and Dominik et
al., 1987), and sediment loads can also vary substantially on short time scales, so, as
pointed out by Olsen et al. (1986) and Bloom and Crecelius (1983), it is not clear that
freshwater systems attain steady-state. Distribution coefficients derived from 7Be in water
column samples from Lake Michigan taken at the same depth and location varied by as
much as a factor of thirty over a period of a few hours (Hawley et al., 1986). Addition of
suspended solids which were "old" with respect to 7Be, but still equilibrated with dissolved
9Be and 10Be, would cause an apparent decrease in 7Be KD accompanied by an increase in
suspended solids concentration.
The partitioning of 7Be between freshwater and sediments has also been examined
in laboratory experiments as a function of pH (You et al., 1989); these data are reproduced
in figure 3.11. They show that the partitioning of Be between freshwater and illite,
kaolinite and riverine mud is strongly dependent on pH in the range 4 to 6, and that all three
mineral phases yield comparable distribution coefficients. These data may be examined in
terms of Be speciation, assuming that each Be species has a different distribution
coefficient which is constant with respect to pH. The KD for Be(OH)2 can be estimated
from figure 3.11 to be 2 x 105, the value between pH 7 and 9 where it is the major
species. Similarly the KD of Be2+ can be estimated to be 20 from the data at pH < 2,
where it dominates. Be(OH) + was assumed to have the same KD as Be(OH)3, but this is
not critical as Be(OH) + is always a minor species. At pH higher than 9, Be(OH)3 becomes
a major species; it was assumed to have a low KD. The resulting curve fits the data of You
et al. (1989) well (figure 3.11). Although this model does not explicitly deal with pH-
dependent changes in the surface properties of the particles, the calculated distribution
coefficients indirectly take such variations into account. The model KD of each Be species
represents interactions between that species and particles whose surface properties were
determined by the pH at which that Be species is dominant.
3.8 Influence of weathering intensity
Interactions with particles strongly influence the geochemistry of Be in rivers of
neutral to alkaline pH; the strength of those interactions may be related to the extent of
formation of secondary minerals. In floodplain regions, where riverine chemistry is
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Figure 3.11. Experimental distribution coefficients of Be as a function of pH. The bars
represent the experimental data of You et al. (1989), while the filled diamonds and the open
triangle represent the riverine values found in the Orinoco for 10 Be and 9Be, respectively.
The line is from the speciation-dependent model of KD described in the text.
dominated by interactions with secondary minerals, the ratio Si/(K+Na-C1) in the dissolved
phase may be used as an indicator of the extent of clay mineral formation in the drainage
(Stallard and Edmond, 1987). The subtraction of Cl compensates for weathering of halite
and for input of cyclic salts. While K and Na are lost to solution during incongruent
weathering of silicate minerals, Si is retained in secondary minerals, thus a low ratio in the
dissolved phase indicates that clay minerals, depleted in alkali metals, have been formed in
the drainage. In average igneous rocks Si/(K+Na) varies between about 5.3 in granites
and 8.1 in basalts (Taylor, 1964). Rivers draining areas in which anorthoclase feldspars
are being completely weathered to gibbsite (e.g. the Parguaza) have Si/(K+Na-C1) -3,
while weathering of feldspars only as far kaolinite yields a dissolved ratio of 2. Formation
of other clay minerals results in lower ratios still (Stallard and Edmond, 1987).
The effects of weathering intensity on riverine Be distributions are examined in
Figure 3.12 which plots Be (normalized to total cations to account for dilution by rain or
concentration by evaporation) against Si/(K+Na-C1) for rivers with pH _ 6.7 flowing
through sedimentary plains. It shows that a positive relationship exists between the two
parameters. Rivers which have higher Si/(K+Na-Cl) in the dissolved phase (less formation
of the secondary minerals depleted in K and Na) have generally higher levels of dissolved
Be. Because at least 95% of Be is present as the species Be(OH)J in this pH range,
variations in total Be cannot be ascribed to changes in speciation. It is possible that
variability in surface properties of particles could be affecting the concentration of Be; at
higher pH active sites could be deprotonated and become available for interaction with
dissolved metals. However, since there is no obvious relationship between pH and Be or
pH and Si/(K+Na-C1) over this pH range (figure 3.8), it appears unlikely that this is the
major process affecting Be distributions. The observed relationship between Si/(K+Na-C1)
and Be indicates that within these rivers uptake onto secondary minerals has a significant
effect on the dissolved concentration of Be.
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Figure 3.12. Be vs Si/(K+Na-C1) in neutral to alkaline floodplain rivers. Be is normalized
to total cations to compensate for dilution by rainwater or concentration through
evaporation. The trend indicates that in rivers where there has been significant formation of
secondary minerals (Si/(K+Na is low) there is less Be present in the dissolved phase.
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Figure 3.13. Distribution coefficient of 10 Be as a function of Si/(K+Na-C1). The KDs
have been adjusted to compensate for pH variability in Be speciation (as described in text),
so any variations are probably associated with changes in particle surface properties.
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The interaction of Be with secondary minerals may be further investigated through
the variation of the KD calculated from 10Be with the Si/(K+Na-C1) ratio. Figure 3.13
shows an inverse relationship between Si/(K+Na-C1) and KD* (a parameter defined as
[Be/g sed] + [(Be(OH) + Be(OH)+)/ml water] to correct for the pH dependence of KD).
This implies that KD* is higher in waters draining regions in which there has been more
extensive secondary mineral formation, consistent with the idea that partitioning of Be onto
particles increases with their clay mineral content.
3,9 The influence of seasonal variability in river chemistry on Be distributions
Seasonal changes in river chemistry affect many of the processes discussed above.
During the rainy season (May through August) river flows are much higher and more
turbulent, increasing suspended sediment loading. Additionally, more water is from direct
runoff rather than from groundwater so rivers tend to be more acidic, lessening uptake of
Be from the dissolved to the particulate phase, and reducing formation of secondary
minerals. This annual variability can be seen even in the Rio Parguaza, the only river
sampled seasonally which drains the Parguaza Batholith. As shown in figure 3.14, the
Parguaza is more acidic at high flow (late May through August) than at low flow (January
through March), but concentrations of Be do not vary significantly because, as discussed
above, they are primarily dependent on the composition of the rocks in the drainage.
Seasonal variations can be examined in more detail in the Apure drainage because it
has been sampled more extensively than other rivers. Figure 3.15 shows seasonal
variability in a number of properties as a function of location within the Apure mainstem.
At high flow the river waters are influenced by direct runoff of precipitation, reflected by
their lower pH. They show high values of both Be and Si/(K+Na-C1) suggesting
decreased formation of secondary minerals. During falling stage (September through
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Figure 3.15. Seasonal variability in Be, pH, and Si/(K+Na-C1) in the Apure Mainstream.
Values are plotted as a function of position within the river moving downstream from the
Andean headwaters (11) to the confluence with the Orinoco (1). Open squares are samples
taken at high flow, diamonds at rising flow and filled squares at low flow. The scatter in
the samples taken at the mouth of the Apure (station 1 on the figures) is primarily due to
backwater (water from the mainstem of a river which can mix upstream into smaller
tributaries) from the Orinoco.
December), when waters are likely to be more strongly affected by interaction with soils,
lower levels of both Be and Si/(K+Na-Cl) are observed. Finally at minimum flow, while
the rivers are fed by groundwaters, the levels of both Be and Si/(K+Na-C1) are at their
lowest.
These observations are consistent with the results of Saunders and Lewis (1988)
and Saunders and Lewis (1989) who examined seasonal variations in major ion
concentrations over a period of 21 months at a single station in the Apure mainstream.
They found that at high flow the waters are more dilute with respect to most major ions, but
that Si, total dissolved P, total dissolved N and organic C had the opposite trend,
increasing in concentration at high flow and decreasing at low flow. Although Saunders
and Lewis (1989) attribute the decrease in Si to diatom growth, it is more likely that
inundation of the floodplain at high flow releases these elements associated with soils and
biological matter.
3.10 Conclusions
The distribution of Be in riverine systems is controlled by four major factors: the
concentration of Be present in the minerals undergoing weathering, the pH of the rivers,
the extent of weathering, and the partitioning of Be between dissolved and particulate
phases. In many rivers all of these processes influence the distributions of Be, making it
difficult to deconvolute their relative effects. However, with a large set of ancillary data
outlining variations in the geochemistry of numerous rivers, it is possible to select regions
where conditions allow examination of these processes individually. In addition, the use of
a pair of isotopes with differing sources further constrains the system.
For example, in acidic rivers (pH < 6) where interactions with particles are
minimized, dissolved Be is strongly correlated with dissolved K:Na, which is an index of
the enrichment of incompatible elements (such as Be) during fractional crystallization.
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Such rivers drain regions where weathering of igneous rock is transport limited and goes to
completion (forming gibbsite and quartz as end products). Distinct trends for acidic rivers
draining felsic and mafic rocks were observed. This suggests that the riverine
concentration of Be is determined primarily by the concentration of Be in the rocks in the
drainage basin.
At another extreme, in rivers of neutral to alkaline pH flowing through sedimentary
basins, Be distributions are controlled by the extent of interaction between the dissolved
hydroxy-complexes of Be and mineral surfaces. The data provide no support for the
contention that partitioning between solid and dissolved phases is dependent on suspended
solid concentrations, but instead suggest that it is a function of the presence of clay
minerals within the drainage basin and of the pH of the rivers. In rivers where secondary
mineral formation is extensive, particles adsorb Be more readily than in rivers where
weathering has gone more nearly to completion, forming Al and Fe oxides and quartz.
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Chapter 4 Cycling of beryllium-lO through tropical river drainages
4.1 Introduction
The movement of 10 Be through watersheds and river systems has significant
consequences for the use of this isotope in examining soil aging and erosional processes
and in understanding its geochemical cycle. Earlier work on 10Be in temperate latitudes has
demonstrated that, in many cases, it is strongly retained on soil surfaces and thus may be
used for investigation of ages of soil profiles and rates of soil loss. Tropical systems differ
from those at higher latitude; annual rainfall is generally higher, rivers and groundwaters
may have low pH due to the presence of organic acids produced by overlying vegetation,
and the soil profiles formed are thus more heavily weathered, often consisting of only
residual gibbsite and quartz.
To examine the behavior of 10Be in tropical river basins, a suite of samples of
particulate and dissolved riverine material from the Orinoco Basin and a series of rain
samples from Trinidad, adjacent to the Orinoco Drainage, were analyzed. This, coupled
with data (generously provided by R. Stallard, USGS, and J. Klein, U. Penn.) from a soil
profile from the Parguaza Basin, provides opportunities for delineating the cycling of 10Be
in tropical drainages. This cycle consists of atmospheric input through rain and dry
deposition, movement through and interaction with soils, and removal in rivers in
dissolved and particulate forms. The rate at which 10Be moves through these systems is
primarily determined by the extent of its interaction with soils which may be examined
through comparison of rainwater inputs of 10Be with riverine removal.
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4,2 Beryllium-10 in rainwater
The latitudinal variability in the flux of 10Be to the Earth's surface is primarily a
function of mixing between the stratosphere, where approximately 70% of 10 Be is
produced, and the troposphere, where the remaining 30% of 10Be is produced (Lal and
Peters, 1967; and O'Brien, 1979). Latitudinal variability in the cosmic ray flux is of
secondary importance. The efficiency of stratospheric-tropospheric mixing and rates of
removal of stratospheric material via precipitation have been examined using fission
products (primarily 90Sr) introduced to the stratosphere by bomb tests. These studies
showed that most transfer of stratospheric material occurs at mid-latitudes, where there is a
discontinuity in the tropopause. Another region of enhanced stratospheric-tropospheric
mixing is the Intertropical Convergence Zone (ITCZ) which moves seasonally from -100 N
in northern summer to ~-5S in northern winter. The ITCZ generates less downward
transfer of stratospheric material than does the discontinuity at mid-latitude.
The pluvial flux of 10Be at tropical latitudes is thus expected to be lower than that
observed at temperate latitudes. Lal and Peters (1967) estimated that the flux of long-lived
cosmogenic isotopes near the Equator would be approximately 50% of the global average
flux, and would be less than 30% of the flux at temperate latitudes. Coupled with higher
rainfall, this indicates that the concentration of 10Be will be very low in tropical rainwater.
In order to examine this in more detail and to have a sound basis for the study of 10Be
cycling through tropical river systems, rain samples were collected over a period of
approximately 18 months at the Institute of Marine Affairs of Trinidad and Tobago, in
Chaguaramas, Trinidad (10.7 0 N, 61.6 0 W). This location was selected primarily for its
proximity to the Orinoco Basin, and also because, as an island site with prevailing ocean
winds, the likelihood of sample contamination by resuspended local soils was reduced.
Since measurements of 10Be in precipitation are sensitive to contamination by soils
(typically 50 mg of soil has as much adsorbed 10Be as is present in 1000 g of rainwater),
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sampling protocols were designed to minimize the possibility of such contamination were
developed. The collector was a 35 cm diameter polyethylene funnel connected with tygon
tubing to a 47 mm Millipore polycarbonate filter holder. To prevent dust from entering, the
collector was normally kept covered and was opened only at the initiation of a storm event.
Samples were gravity filtered through a 0.45 pm Millipore filter as the rain fell, and were
collected in 2 liter acid cleaned polyethylene bottles. After the samples were shipped to
M.I.T. and an aliquot was removed for major ion analysis, the remaining fraction of each
sample was prepared for 10Be determinations as discussed in Chapter 2.
Each sample was collected during a single storm event and, for the purposes of flux
calculations, was assumed to be representative of precipitation occurring during the weeks
immediately before and after its collection time. Beryllium- 10 concentrations in filtered rain
from this site are plotted as a function of the date of sampling in figure 4.1. With the
exception of a single sample, there is a seasonal signal with low values (1000 at g- 1)
occurring during the rainy summer months while the ITCZ overlies Trinidad, and higher
values (3000 at g-1) during the dry season. These concentration yield a weighted annual
average of 2000 at g-1 and are low compared to those observed in temperate latitudes
(-15,000 at g-1; L. Brown et al. (1989)) because of dilution by the high levels of rainfall
and because less stratospherically produced 10Be is mixed down to the Earth's surface at
low latitudes.
It is important to examine the data for signs of soil contamination. Since the
concentrations of 10Be are lower than those reported at higher latitudes, it seems unlikely
that this should be a significant problem. Nevertheless, Ca, Mg, K, and Na were
determined by flame atomic absorption in all samples, because elevated levels of Ca and
Mg are indicators of soil contamination. The collection site is within a few hundred meters
of the coast, so the portion of Ca and Mg due to sea spray was deducted using seasalt ratios
and the observed levels of Na which derived nearly entirely from seasalt at coastal sites
(Stallard and Edmond, 1981). Figure 4.2 shows the concentration of 10 Be as a function of
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Figure 4.1. Beryllium-10 concentrations in filtered Trinidadian rainwater as a function of
collection date.
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Figure 4.2. Beryllium-10 concentrations in filtered Trinidadian rainwater as a function of
non-seasalt Ca. The line represents 10Be:Ca observed in soils from Venezuela, and is not
greatly different from values observed in Illinois (L. Brown et al., 1989). Since
Trinidadian soils may be significantly more calcareous, this line may not be relevant to the
present data.
110
non-seasalt Ca; the lack of a clear relationship suggests that contamination by soils is not
the major source of 10Be in these samples. Data presented below and by Stallard (1985)
indicate that typical tropical soil contains -107 at g- 1 10 Be and -50 ptmol g-1 Ca; a line
based on these values, similar to that calculated by L. Brown et al. (1989) for soil from
Illinois, is included in figure 4.2. Most of the rain data fall below the line, indicating that
soil contamination cannot be precluded. However, the influence of coral terraces may
make Trinidadian soil more calcareous than those used to estimate the line in figure 4.2, so
that line may have little bearing on the present data.
Precipitation data from a nearby weather station (National Climatic Data Center,
1987, 1988) was used to estimate the annual flux of 10Be. As summarized in table 4.1,
measured o10Be concentration was assigned to each month's rainfall; summing these
monthly 10Be fluxes yielded an annual flux of 0.4 x 106 at cm-2 yr-1. This is lower than
the global average estimate of 1.2 x 106 at cm-2 yr-1 of Monaghan et al. (1985/86) but is
within the range of published estimated fluxes presented in table 1.1. Based on the earlier
discussion, the flux at low latitudes is expected to be -50% of the global average, so this
value appears quite reasonable. Published measurements of the latitudinal variability of
annual 10Be flux are plotted in figure 4.3 (discounting some of the earliest values which
may have suffered from contamination by soils), along with expected fallout pattern of Lal
and Peters (1967). The data scatter about the predicted distribution, probably because of
uncertainties associated with flux determinations of this type, and because of local and
annual variability.
4.3 Movement of beryllium-10 through soils
After it has been brought to the Earth's surface, o10Be deposited onto the continents
enters into exchange processes between soils, groundwaters and river waters. The extent
of its retention within soil profiles is dependent on the distribution coefficient
Data:
Sampling date Be-10 (at/g) Na (lM) K (gM) Mg (M) Ca (ILM)
5/22/87 1881 101.8 10.4 11.9 11.6
8/17/87 1040 29.0 16.5 2.8 6.5
9/6/87 1500 34.4 14.1 8.6 13.2
11/5/87 2000 12.2 2.3 1.2 3.2
11/20/87 2660 27.5 4.1 3.5 6.1
12/15/87 to
4/15/88 3070 215.5 41.9 32.0 35.5
9/14/87 1340 22.5 22.4 3.3 5.3
10/1/88 1950 38.3 18.7 4.4 10.7
8/16/88 3380 35.8 7.2 5.1 12.1
Flux estimation:
Rainfall (mm/month) Be-lO flux [at/(cm^2 month)]
1987 1988 long-term 1987 1988 Est. average
January 9 48 74 n.d 1.47E+04 1.47E+04
February 1 9 48 48 n.d 6.43E+03 6.43E+03
March 3 9 32 n.d 1.76E+03 1.76E+03
April 16 105 50 n.d 3.55E+04 3.55E+04
May 105 70 111 1.98E+04 n.d. 1.98E+04
June 151 287 254 n.d. n.d 2.21E+04
July 286 278 260 n.d. n.d 4.18E+04
August 158 234 234 1.64E+04 7.91E+04 4.78E+04
Sepember 187 253 186 2.66E+04 4.93E+04 3.79E+04
October 172 488 165 3.44E+04 n.d. 3.44E+04
November 233 208 208 6.20E+04 n.d. 6.20E+04
December 123 191 145 3.78E+04 n.d. 3.78E+04
Results
Annual flux 3.62E+05
at/(cmA2 yr)
Average Be-10 1.97E+03
conc. (at/g)
Published values of Be-10 flux
as a function of latitude
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Figure 4.3. Published measurements of 10Be flux in precipitation as a function of latitude.
The curve is reproduced from Lal and Peters (1967), and assumes a global average flux of
1.2 x 106 at cm -2 yr- 1.
113
(KD = [Be/g sediment] + [Be/ml water]) between groundwater and surfaces of soil
particles. As discussed in Chapter 3, pH strongly affects Be distribution coefficients and
thus has a strong influence on the form of soil profiles. It has also been shown that the
concentration of 10 Be adsorbed on soils is related to the fraction of clay-sized grains
present (Pavich et al.; 1984; and Pavich et al., 1986). This is related to the increased
surface area per unit mass of smaller grains and the enhanced ion-exchange capabilities of
clay minerals. Models commonly used for examination of migration of solutes through
soils (Freeze and Cherry, 1979; and de Marsily, 1986) are based on equations of the form:
VH20Vx =
+ KD P (1 - P)][1+ Pp
where Vx is the velocity of the band of interest through the column, VIH20 is the velocity of
water which can be set to the annual rainfall, p is the porosity, p is the density of the solid
and KD is the distribution coefficient [(at/g solid)/(at/ml water)]. It should be noted that the
denominator is unitless. The movement of 10Be has been examined using models of this
type by Pavich et al. (1985) and Pavich et al. (1986).
In this model the soil profile may be thought of as a chromatographic column where
the species of interest is continually added to the top of the column and is eluted
downward. High values of KD and low soil porosity combine to slow down progress
through the column. Since Be has a high distribution coefficient (-105), it has a low
velocity in the soil profile, and tends to be retained near the surface. The amount of Be
adsorbed on soil surfaces increases with time until it reaches saturation, the point where it
is equilibrated (according to the KD) with dissolved 10Be at the level in incoming rain.
When this occurs 10Be moves through soil with the same effective velocity as
groundwater, although individual atoms, which are constantly exchanging with particle
surfaces, have the same reduced velocity as before saturation was reached. After
114
saturation is reached, the inventory remains constant and the rainwater input is balanced by
groundwater output and radiodecay.
While models of this type have been applied to a number of soil profiles in
temperate latitudes (Pavich et al., 1986), 10 Be has not been studied extensively in soils in
tropical and equatorial regions. A saprolite profile from the Parguaza batholith has been
examined for 10Be (R. Stallard and J. Klein, pers. comm., 1990). This profile has been
the subject of a number of previous studies (major ion distributions and mineralogy by
Stallard (1985), boron isotopic composition by Spivack (1986), and extent of quartz
dissolution by Brantley et al. (1986)). The 10Be data are presented in figure 4.4; the
profile shows concentrations of ~35 x 106 at g-1, much lower than values of 108 to 109 a
g-1 observed in temperate latitudes. These values are approximately constant with depth
and yield an inventory of approximately 5 x 109 at cm-2 , assuming a soil bulk density of
1.5 g cm-3.
The approach employed in examining soil profiles at temperate latitudes assumes
that 10Be is quantitatively retained on soil particles so that the inventory divided by the flux
yields the age. Division of the Parguaza 10Be inventory by the flux calculated at Trinidad
yields a value of 12 kyr. However, the constant level of 10Be observed throughout the
profile indicates that breakthrough has occurred. If this is the case, the inventory
represents a steady-state between input and removal via groundwater and erosion, and the
value of 12 kyr is a residence time rather than an age. This is consistent with the
conclusions of Monaghan et al. (1983) based on 10Be in Californian soil profiles.
Assuming that groundwaters have a Trinidadian rainwater 10Be concentration of 2000 at g-
1, a KD of 1.75 x 104 may be estimated for partitioning between soil and groundwater this
profile. This is lower than KDS generally observed for riverwaters and suspended
sediments, but the acidity of groundwaters and the coarse grains and lack of secondary
minerals are both associated with lower KD. The experimental data of You et al. (1989) on
the variability of KD with pH (figure 3.11) shows that a KD of 1.75 x 104 is associated
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Figure 4.4. Beryllium- 10 concentrations in a soil profile from the Orinoco Basin. Data
from R. Stallard and J. Klein pers. comm. (1990).
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with a pH of -4.5, which is a reasonable value for groundwaters; it is comparable to pH
observed in nearby rivers.
The rate of soil profile formation in this region can be estimated from the
denudation rate of 0.9 mg cm-2 yr-1 calculated by Stallard (1980) for the Rio Negro
drainage (a region similar to the location of the soil profile) and the assumption that
conversion from bedrock to oxisol is accompanied by a reduction in bulk density from 2.5
to 1.5 g cm-3. Formation of a 1 m soil profile, given these assumptions, would require
-100 kyr. A denudation rate in of 2.7 mg cm-2 yr -1 was estimated for the Rio Caura
drainage by Lewis et al. (1987). The Caura, a right bank tributary of the Orinoco, is
probably less like the location of the soil profile than the Negro; 33 kyr would be required
for formation of a 1 m soil profile at the rate of denudation estimated in its drainage. Both
of these ages are significantly longer than the 12 kyr residence time calculated for 10Be, and
support the contention that 10Be is at steady-state in this soil profile.
In the only published work on 10Be in tropical soils You et al. (1988) examined a
deep bauxite profile in Taiwan and found that 10Be penetrated through the entire profile
down to 17 m, varying non-systematically by a factor of three around a concentration of
108 at g-1 and with a total inventory of -1.6 x 1011 at cm-2 . Their data are reproduced in
figure 4.5. Using an experimentally determined KD of 1.1 x 106 (determined using
partitioning of 7Be between bauxite and fresh water at pH 7.8 of You et al. (1989) they
concluded that 10Be should be quite immobile in bauxitic soil profiles. During the period
of exposure (estimated to be less than 0.7 Myr) downward migration of 10Be was
estimated to restricted to less than 2 m through the use of a simplified version (Vx = VH20
+ KD) of the equation 4.1 which assumes that the effects of porosity and density of the
solids are negligible. However there are several lines of evidence suggesting that the
Taiwanese soil profile is at saturation for 10Be. The value of KD employed in estimating
the effective velocity of 10Be may be inappropriate for soil profiles in regions where
bauxites are forming because ground waters in such regions are typically more acidic than
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the pH of 7.8 at which the experimental KD was derived. In addition the material used in
the determination of this KD, "pulverized" bauxite, has a greater surface area to mass ratio
than the natural material, and thus would be expected to have a higher KD. Finally, the
lack of a decrease in concentration with depth into the soil column (the highest 10Be
concentration is at 12 m) suggests that 10Be must be more mobile than indicated by the
experimental KD. These high concentrations at that depth may result from variations in KD
(associated with smaller grain size, or a changes in mineralogy and surface coatings) or to
lateral water flow and transport of 10Be. If this profile is at saturation, then the inventory
corresponds to a 10Be residence time of ~160 kyr, using a flux of 106 at cm-2 yr-1.
4,4 Balance of beryllium- 10 in tropical river basins
Interactions between 10Be and soil particles may also be examined by balancing the
10Be budget within river basins. Waters draining soils saturated with respect to 10Be
should have 10Be concentrations close to those of incoming rainwater. The levels of
dissolved 10Be observed in rivers from the Orinoco and Amazon Basins span a wide range
(50 to 3200 at g-1), but the total concentrations (dissolved + particulate) are less variable
ranging from 3000 to 15,000 at g- 1 (figure 4.6, table 4.2). Sampling locations are shown
on the map in figure 3.1.
In acidic rivers (Cuchivero, Orinoco, Negro) dissolved 10Be concentrations range
from 1000 to 3200 at g- 1. Of these the Rio Negro (3200 at g-1) has a major ion
composition most similar to rivers draining the region in which the soil profile was
collected; it drains weathered shield comparable to the Parguaza Batholith. The dissolved
concentrations in these rivers, adjusted for evaporation with a runoff ratio (river flux/rain
flux) of 0.45 taken from Holland (1978), correspond to rainwater concentrations in the
range of 450 to 1500 at g-1. The evaporation-corrected value from the Negro (1500 at g- 1)
is comparable to the estimated annual mean concentration (2000 at g-1) in Trinidadian
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Table 4.2 Beryllium-10 in atom per gram river water
river name dissolved particulate total
Floodplain rivers
(high stage)
Apure below Uribante 55 12,200 12,200
La Tigra at mouth 140 18,100 18,300
Apure at el Chirel 130 8,520 8,650
Floodplain rivers
(low stage)
Apure at San Fernando 66 1,230 1,300
Acid rivers
Orinoco below Apure 1,160 3,830 5,000
Cuchivero 990 3,730 4,720
Negro at Manaus 3,350 844 4,200
Trinidadian rain
adj. for evaporation 4,400 0 4,400
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rainwater, suggesting that there has been little net loss of 10 Be from the dissolved phase
during interactions with soils. Total (dissolved + exchangeable particulate) concentrations
in these acid rivers correspond to values of 1900 to 2300 at g-1 in rainwater, implying that
these basins are essentially at steady-state with respect to 10Be.
In contrast, in the neutral to alkaline rivers of the Apure floodplain, the dissolved
10 Be load is always low, while the total 10Be has a seasonal signal due to variations in
suspended sediment load. In their examination of rivers of the eastern United States L.
Brown et al. (1988) suggest that the ratio of 10Be removed from a basin in river sediments
to the 10Be entering from the atmosphere may be used to identify river basins in which the
present soil erosion rate exceeds the historic average rate. If the removal of 10Be exceeds
the input, the basin is not at steady state and present land use is likely to be enhancing soil
erosion. In the Apure basin it should be possible to following the approach of L. Brown et
al. (1988)) for examination of historic variations in sediment removal rates from the basin.
However, because of seasonal and spatial variability in suspended sediment, it is not
possible to quantify fluxes of 10Be through the Apure from the present small data set.
Nevertheless, the high flow and low flow values straddle the concentration expected from
the Trinidadian rain data. This suggests that there is net removal of 10Be from the Apure
basin during flood stage, due to the mobilization of large quantities of suspended solids,
while at low flow there is net deposition of 10Be in the basin.
4.5 Conclusions
Low rainwater concentrations of 10Be, averaging 2000 at g-1, observed at Trinidad
result both from dilution by high precipitation rates and from the low efficiency of transport
of stratospherically-produced 10Be to the Earth's surface at low latitudes. The annual flux
estimated from samples at Trinidad, 4 x 105 at cm-2 yr1, is 2.5 to 3 times lower than
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estimates of global 10Be flux (-106 at cm-2 yr 1). This is consistent with theoretical
estimates of the latitudinal variability of o10Be flux.
These low rainwater values are comparable to measured concentrations of 10Be in
acidic rivers where minimal loss of 10Be during transit through soils and groundwaters
would be expected. A soil profile of 10Be from the Parguaza Basin, Venezuela showed
little variability with depth, indicating that it was saturated with respect to 10Be and that no
net uptake of o10Be from the dissolved phase onto soil particles was occurring. In soil
profiles where this is the case, the inventory of 10Be is not related to the age of the profile,
but rather to the residence time of o10Be within it.
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Chapter 5 Continental inputs of beryllium isotopes to the oceans;
.1 Introduction
An understanding the geochemistry of the distribution of Be isotopes in the world's
oceans is necessary for their development as a geochronometer in deep-sea sediments.
Changes in continental inputs have been proposed to explain variations in authigenic
10Be:9Be not associated with radioactive decay (Bourles et al., 1989b; and Henken-Mellies
et al., 1990). Presently the fluxes of these isotopes from the continents to the oceans are
not well constrained. Aluminosilicate aerosols have been invoked as a source of 9 Be (Peng
et al., 1990; and Ku et al., 1990) and a sink for 10Be (Henken-Mellies et al., 1990; Sharma
et al., 1987; and Southon et al., 1987). This Chapter works to define the geochemistry of
these isotopes in regions of the oceans influenced by fluxes of continental materials. The
effects of atmospheric aerosols were studied through examination of the water column
chemistry of the Mediterranean, a basin strongly influenced by Saharan dust, while
transects in the Amazon and Ganges-Brahmaputra Estuaries were used to further
investigate riverine fluxes to the oceans. The relative importance of these parameters on
oceanic distributions of Be isotopes was evaluated through mass balances and modelling.
5.2 Effects of atmospheric aerosols
5.2.1 9Be inputs
The Mediterranean Sea may be used as an experimental site for evaluation of the
impact of aeolian dust on seawater. It has a large input of Saharan dust which has been
examined in previous studies (Chester et al., 1984; Ganor and Mamane, 1982; Loye-Pilot
et al., 1986; Martin et al., 1989; and Tomadin et al., 1984), it has low biological
productivity which minimizes complications introduced by biogenic particle fluxes, and the
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water balance has been the subject of numerous studies (Sarmiento et al., 1988; and
references therein). As summarized in figure 5.1, Atlantic surface waters flow in at
Gibraltar and eastward across the basin. There is an excess of evaporation over
precipitation, increasing the salinity of surface waters and causing downwelling of the
dense saline waters in the eastern basin. This Levantine Intermediate Water flows
westward and as is joined by another smaller water mass, the Western Mediterranean Deep
Water, before discharging back to the Atlantic at Gibraltar. Adopting the water fluxes of
Sarmiento et al. (1988) gives the waters of the Mediterranean a residence time of-150
years. Examination of the Mediterranean's inputs and outputs at Gibraltar allow its use as a
natural reaction vessel for examining the effects of addition of aeolian material to seawater.
Water column 9Be profiles taken in the Gulf of Cadiz and the Alboran Sea, on the
Atlantic and Mediterranean sides of the Strait of Gibraltar respectively (September 1986;
C.I. Measures, pers. comm. 1990) and in the western and central Mediterranean (April
1988) are shown in figure 5.2. The surface waters entering the Mediterranean at Gibraltar
have Be concentrations of -30 pM, typical of surface North Atlantic waters (Ku et al.,
1990), while the deep waters at Gibraltar and in the Mediterranean have concentrations of
-75 pM, very high compared other oceanic waters which range from 2 to 30 pM.
The budget of 9Be in the Mediterranean may be constrained by multiplying these
concentrations by the inward and outward flows at Gibraltar and determining the flux of
9Be to the basin required to balance the net loss of Be at Gibraltar (following the approach
of Measures and Edmond (1988), and Boyle et al. (1985)). Using water fluxes into and
out of the Mediterranean of 0.69 Sv (109 liter s- 1) and 0.65 Sv, respectively (Sarmiento et
al., 1988), this budget requires an additional input of 9Be to the basin of 8.5 x 105 mol yr-
1. The annual flux of aeolian material to the western and eastern basins of the
Mediterranean have been estimated at 1.2 x 1013 g yr -1 and 2.0 x 1013 g yr-1,
respectively, yielding a total of 3.2 x 1013 g yr-1 (Martin et al., 1989; and Ganor and
Mamane, 1982). Assuming that riverine inputs and scavenging removal are negligible
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(the validity of these assumptions will be discussed below), the concentration of soluble
9Be in aeolian material is then approximately 0.23 ppm. If the atmospheric aerosols are not
greatly enriched in Be relative to average crust (2.8 ppm), on the order of 10% of the Be
present in the dust is solubilized. Following the calculation of Measures and Edmond
(1988), but incorporating the water and dust fluxes described above, indicates that an input
of Al of approximately 1.5 x 109 mol yr-1 is required to balance the export at Gibraltar.
Assuming that these aerosols have Al concentrations comparable to average crust (8.1%)
this corresponds to dissolution of -1.5% of the aeolian Al entering the basin. This is
somewhat lower than the estimate of Maring and Duce (1987) that 5 to 10% of Al present
in aerosols dissolves in seawater. However, these calculations are dependent on
temporally variable and ill-constrained fluxes of dust and water and their results are only
indicators of magnitude.
The assumption that riverine inputs of Be are negligible may be evaluated by
calculating an upper limit for fluvial fluxes of Be to the Mediterranean, using a river runoff
value of 0.016 Sv (Sarmiento et al., 1988) and selecting a reasonable upper limit for the
freshwater riverine endmember of 200 pM (this Chapter and Measures and Edmond,
1983). This yields a maximum value of -105 mol yr 1 for fluvial input--only about 10% of
that required to balance the output at Gibraltar. This is consistent with the assertion of
Martin et al. (1989) that in the western Mediterranean the atmospheric flux of Cu, Pb and
Cd exceeded the riverine flux by one to two orders of magnitude.
A second assumption in balancing the Be budget of the Mediterranean was that
scavenging removal was negligible. This may be evaluated using the ratio of Be to Al in
water column profiles using Al data from Measures and Edmond (1988) and C. Measures,
pers. comm. (1990). Since Al is significantly more particle reactive than Be in marine
systems, Be:Al increases as removal onto particles occurs. This process may be quantified
through the use of an enrichment factor (EF) defined for Be as (Be:Al)sample + (Be:Al)crust.
Average crust is assumed to have 3000 pmol g-1 of Al (82,000 ppm) and 0.31 pmol g-1 of
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Be (2.8 ppm) (Taylor, 1964). In the oceans this ratio increases with the age of a water
mass because Al is scavenged more rapidly. In the deep North Atlantic the EF is -20 while
in the deep North Pacific it reaches -300, based on Be and Al values from Ku et al. (1990),
Kusakabe et al. (1987a), Measures et al. (1986), Orians and Bruland (1985), and
Kusakabe et al. (1987b). Figure 5.3 shows profiles of EF from the stations in the
Mediterranean region. The Gibraltar profile shows that the incoming Atlantic surface water
has an EF of -20 while the deep outflow has a distinctly different EF of -7. Throughout
the western and central Mediterranean the surface waters maintain high values, probably
because of persistence of the Atlantic signal, whereas the deep waters have a lower EF.
The constant EF in the deep waters in the western and central Mediterranean profiles is
consistent with the assumption that there has not been significant particulate removal of 9Be
from the deep water within the Mediterranean.
Mass balance of Be and Al at Gibraltar requires that the aeolian input to the
Mediterranean have an EF of 5. Such an enrichment can be attained in three ways: input of
aeolian material which is enriched in Be, preferential scavenging of Al relative to Be from
the water column, and preferential dissolution of Be relative to Al from aeolian material.
The first explanation is inconsistent with the findings of Bourles et al. (1989b) that
Mediterranean sediment (a single sample from the Tyrrhenian Sea) contains approximately
2.4 ppm Be, essentially the same as average crust. The constant value of the EF in deep
waters throughout the Mediterranean suggests that particulate removal is not likely to be the
cause of the observed enrichment; if this were the case variability with age of watermass
would be expected. This is supported by the observation of Measures and Edmond (1990)
that on a 100 yr timescale, comparable to the residence time of Mediterranean waters, there
was no appreciable scavenging removal of Al from deep Atlantic waters. The differential
solubility of Be and Al from aeolian material remains the most likely explanation for the
observed Be enrichment. This hypothesis could be confirmed through experiments
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(comparable to those of Maring and Duce (1987)) examining dissolution of Be from
aerosols upon contact with seawater.
The effects of particulate scavenging removal on the enrichment factor can be
further examined in a profile taken from the Sea of Marmara (August 1988; figure 5.4).
The Sea of Marmara is fed by high salinity (~38%o) Mediterranean waters flowing
northward from the Aegean through the Dardanelles, and by brackish (~18%o) Black Sea
surface waters flowing southward through the Bosporus. These water masses retain
distinct salinity and temperature characteristics because Black Sea waters remain at the
surface as they flow south to the Aegean, while the dense saline waters flow north through
the Bosporus into the Black Sea (figure 5.4). The surface waters transit the Sea of
Marmara with a mean residence time of only 1 to 2 years. They have Be concentrations of
-~40 pM, but show considerable variability in both Al (5 to 33 nM) and EF (10 to 80). This
is probably due to the competing effects of scavenging by biogenic particles (which raises
EF), and input of aeolian material to the surface (which lowers EF). A deep water
residence time may be calculated from a salt and water balance of an annual flux of 170
km3 of 38%o waters into the Black Sea from the Sea of Marmara (Gunnerson and Ozturgut,
1974) and deep water volume of 3500 km3 (Chief Administration of Hydrometerological
Service Under the Council of Ministers of the U.S.S.R., 1974). This yields a mean water
residence time of Marmara deep waters of 20 years. The deep waters have somewhat
higher concentrations of Be than the Mediterranean, but have a pronounced depletion in Al,
leading to an enrichment factor of -40 for Be. The difference between deep waters in the
Mediterranean and the Sea of Marmara may be due to depletion of Al by scavenging in the
near surface Aegean waters which feed the Sea of Marmara. The sill depth of the
Dardanelles (100 m) allows only near surface waters to enter the Sea of Marmara.
Nevertheless, the contrast in EF between this basin and the western Mediterranean, both
fed by waters of the eastern Mediterranean, further supports the contention that there has
been little scavenging removal of Al in the western Mediterranean.
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5.2.2 10Be removal
In contrast to 9Be and Al, which require substantial inputs within the Mediterranean
to balance the outflow at Gibraltar, 10Be is depleted in the Mediterranean relative the deep
Atlantic. The concentrations of 10Be, -350 at g-1, are two to three-fold lower than in the
deep Atlantic, while 9Be is two-fold higher in the Mediterranean (figure 5.5). This may be
examined in terms of 10Be: 9Be which is -8 x 10-9 , far lower than observed in either
Atlantic (-50 x 10-9) or Pacific (-100 x 10-9) deep waters. Terrestrial values of
10Be:9 Be are far lower. Typical soil contains 108 at g-1 10Be (see L. Brown et al. (1988),
for example) and -2 ppm 9Be so 10 Be:9Be is 0.75 x 10-9; riverine dissolved and
particulate 10 Be:9Be presented in Chapter 4 range from 0.1 x 10-9 to 2 x 10-9 . There are
a number of mechanisms, involving input of continental materials, which could lead to the
low ratio observed in the Mediterranean.
Enhanced particulate removal of 10Be at ocean margins (discussed by Anderson et
al. (1990)) may deplete Atlantic surface waters before they flow into the Mediterranean at
Gibraltar. In coastal regions input of continental materials with low 10Be:9Be could
maintain the level of 9Be while 10Be was being removed. Although it is not possible to
evaluate the hypothesis of 10Be depletion in the inflow directly--o10 Be has not been
determined in waters from this region--the work of van Geen et al. (1990 submitted) and
van Geen et al. (1988) demonstrates the strong influence of continental inputs to the surface
Atlantic waters entering the Mediterranean. Concentrations of 10Be have been observed to
be as low as 300 to 400 at g-1 in the surface western North Atlantic (Ku et al., 1990) and
100 at g- 1 in the Bay of Bengal (discussed below). Similar depletion in the incoming
waters is not unreasonable. Further addition of terrestrially derived aerosols (with
10Be:9Be -10 -9) could then increase 9Be without strongly affecting 10 Be.
However, budget constraints indicate that there must be removal of 10Be within the
Mediterranean. Assuming that the outflow has a 10Be concentration of 400 at g-1, and that
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the inflow contains no 10Be, an upper limit of 7 x 1021 at yr - 1 for the output at Gibraltar
may be calculated. A pluvial flux of 10Be to the Mediterranean of 106 at cm-2 yr-1 yields an
input of 2.5 x 1022 at yr-1, approximately 3 times larger than the upper limit for export at
Gibraltar. This requires removal of 10Be within the Mediterranean itself, accompanied by
input of 9Be.
Isotopic exchange with suspended particles could bring about enrichment of 9Be
accompanied by depletion of 10Be. An exchangeable surface phase on these particles with
a terrestrial 10Be:9Be signature (0.1 x 10-9 to 2 x 10-9 ) might become isotopically
homogenized with the dissolved phase in the water column without entirely dissolving.
This is supported by the observation that the authigenic 10Be:9Be value of 6.1+0.6 x 10-9
found in surficial Mediterranean sediment by Bourles et al. (1989b) is within the range of
10Be: 9Be measured in the water column. In addition, the total aeolian 9Be flux was
estimated above to be ~10 times greater than required to balance the export at Gibraltar, so
the particulate Be reservoir appears to be large enough to impart its isotopic signal on the
entire system.
A comparable mechanism has been hypothesized by Henken-Mellies et al. (1990).
They noted that there is evidence that aluminosilicates are an important phase for
scavenging removal of Be from deep waters (Southon et al., 1987; and Sharma et al.,
1987) but also that aluminosilicate aerosols have also been put forth as an important input
of 9Be to the oceans (Peng et al., 1990; and Ku et al., 1990). Therefore they proposed that
a decrease in inputs of aluminosilicate aerosols could reduce scavenging removal of 10Be
and 9Be, and also reduce the input of 9Be, and that the net effect would be to increase 10Be
and 10Be:9Be with little change in 9Be. Similarly, an increase in aeolian flux, as is
observed in the Mediterranean relative to the Atlantic, would increase scavenging removal
of 10Be and 9Be but also increase input of 9Be. This could lead to depletion in 10Be and
enrichment in 9Be.
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5.3 Estuarine fluxes of beryllium
Transects through the Ganges-Brahmaputra estuary were collected at low flow
(January 1987) from the R.V. Anwesha. In spite of the intense physical weathering in the
Himalayan regions drained by these rivers, they have low levels of dissolved Be. The
mainstream is characterized by neutral to alkaline pH and high suspended sediment loading
so there is significant partitioning of Be onto the particulate phase. Dissolved Be (passing
through 0.2 pm filters) appears to mix conservatively through the estuary, with scatter
probably associated with inhomogeneities among the various Mouths of the Ganges, and
has an effective freshwater endmember of -70 pm (figure 5.6). This transect is similar to
that observed in the Yangtze by Measures and Edmond (1983) which has similar pH and
suspended sediment characteristics.
In contrast to 9Be, 10Be appears to have somewhat lower concentration in the river
than in the marine endmember. Its concentrations are very low and thus have substantial
analytical uncertainties. They range from 65 to 70 at g-1 at low salinity and increase to 100
at g- 1 at 32%o salinity. This requires that 1oBe:9Be also increase with salinity, starting at a
relatively typical continental value of 10-9 and increasing to 5 x 10-9 at 32%o, far lower
than typical marine values of -10 -7. This low ratio at high salinity demonstrates that the
residence time of Be in coastal waters is short enough so that most of the Be has a direct
continental origin.
Amazon estuarine waters were collected during the AMASEDS Expedition during
August 1989. The salinity transect for dissolved 9Be (passes through 0.2 pgm filter) has an
extrapolated freshwater endmember of 300 pm and an exponential decrease in concentration
with salinity (figure 5.7). The shape of the curve is similar to that found by Measures and
Edmond (1983), but the freshwater concentration (adjusted for estuarine removal by
extrapolation samples taken at salinities greater than 15%o) is somewhat higher than the
earlier value. This may be due to scatter within the data sets or to seasonal or interannual
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variability. 10Be was determined in the Amazon mainstream near the mouth (950 at g-1)
and in an estuarine sample taken at a salinity of 2.6%o (350 at g-1). The estuarine and
mainstream samples both give 10Be:9Be ratios of 1.5 x 10-9, which may be applied to the
9Be endmember concentration to estimate a net freshwater 10Be concentration of 270 at g-1
after scavenging removal. The relationship between this concentration and that of global
average river waters is not straightforward. The Amazon mainstream is more acidic and
has less suspended sediment than average river water, but because of its latitude it is fed by
rainfall with lower 10 Be concentrations than the world average. Nevertheless it represents
20% of world river runoff and may be used to make a rough estimate of the global
continental runoff of of 10 Be. Using a global river flux of 4 x 10161 yr-1 gives a net input
of dissolved 10Be to the oceans of 1022 at yr-1, which represents only a small fraction
(-1%) of the flux of 10Be to the continents. On a global ocean basis this corresponds to
3000 at cm-2 yr-1, 300 to 400 times lower than the pluvial flux of 10Be to the sea surface.
A larger proportion of riverine 10Be, associated with riverine particles or removed via
particle coagulation in the estuary, is ultimately sequestered in coastal sediments. The
diagenetic release of 10Be from coastal sediments has not been investigated, although recent
work on hemipelgic sediment porewaters suggests that Be is not extensively mobilized
during diagenesis (Bourles et al., 1989a). The riverine particulate 10Be flux may be
estimated using an estimated concentration of 10 Be in riverine particles of 108 at g-1, based
on values from the Orinoco basin and the work of L. Brown et al. (1988), and a global
riverine sediment flux of 1.4 x 1016 g yr-1 (Milliman and Meade, 1983). This yields a
flux on the order of 1024 at yr -1, which is close to the value of the flux of 10Be to the
continents (1.8 x 1024 at yr-1 assuming an atmospheric flux of 1.2 x 106 at cm-2 yr-1),
suggesting that there is a balance between 10 Be entering and leaving the continents. This is
consistent with the observations of L. Brown et al. (1988) that in most rivers the estimated
rate of removal of 1 Be associated with sediments was on the order of the atmospheric flux
of 10Be into their drainage basins.
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In order to apply the data described in this Chapter to examination of the global
oceanic cycling of Be isotopes, a seven box model was developed. While this approach is
not new or unique, being similar to that used by Peng et al. (1990) in examining variations
in oceanic 10Be:9 Be, the aims of the present work differ from those of the earlier work.
Peng et al. (1990) use distributions of both isotopes (normalized to deep Pacific
concentrations) coupled with estimates of the total ocean residence time of Be to constrain
the relative amounts of 9Be input to the Atlantic and the Indo-Pacific Oceans. They point
out that the distributions of the isotopes require that 9Be is added preferentially to the
Atlantic, and that the residence time of Be is on the order of the oceanic mixing time. Their
model runs indicate that 1000 yr and 2000 yr oceanic residence times require 90:10 and
60:40 Atlantic:Indo-Pacific 9Be input ratios, respectively. The present model has the
following goals:
*Using 10Be distributions and source functions to place limits on residence times of
the element in the various oceanic reservoirs.
*Constraining the source function for 9Be (in absolute terms) by coupling these
estimates of residence times with observed 9Be distributions.
-Examining the effects of variation in source functions and oceanic circulation
patterns on the isotope distributions.
A schematic diagram of the model is shown in figure 5.8. There are six boxes
representing deep and surface waters in the Atlantic, Circumpolar, and Indo-Pacific Oceans
and a seventh box representing Indo-Pacific Ocean margins where high particle fluxes
enhance scavenging removal of Be (as discussed by Anderson et al. (1990)). Assuming a
piston velocity for exchange of 14C of 2.8 m day -1 (Broecker and Peng, 1982), and using
modern PO4 distributions in upwelling waters to constrain transport of 14C in biogenic
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particles, the magnitudes of the water fluxes were tuned to yield pre-bomb A14C
distributions (summarized from GEOSECS data). These fluxes are generally consistent
with those presented in more complex models such as CYCLOPS (Keir, 1988) and
Pandora (Broecker and Peng, 1987; and Broecker and Peng, 1986). The physical
parameters used in building the model are presented in table 5.1 and the distributions of
A14C and water residence times are shown in figure 5.8.
The global average production rate of 10Be is relatively well constrained and has no
longitudinal variability, but the fluxes of the stable isotope to the oceans and the rates of
scavenging removal of Be from the ocean are still not well constrained. There are sufficient
published data on global marine 10Be and 9Be distributions to estimate average
concentrations in all of the boxes as displayed in figure 5.8 (Ku et al., 1990; Kusakabe et
al., 1987a; Kusakabe et al., 1987b; Measures and Edmond, 1983; and Segl et al., 1987).
Measured surface values have substantial variability, due to seasonal changes and local
effects, but, since the volumes of surface boxes are small, the specific values chosen do not
strongly influence the overall picture. The deep values are generally better constrained, but
there are discrepancies in the literature regarding the 10Be concentration in the deep
Atlantic. Segl et al. (1987) reported values averaging 1600 at g-1 in a transect at 25 0 N,
while Ku et al. (1990) found values averaging 850 at g-1 in deep waters of the western
North Atlantic. For the present purposes a value of 1000 at g-1 will be used, and the
sensitivity of the model variations to this parameter will be investigated.
Using published estimates of global 10Be production rates and the oceanic
distributions discussed above, first order scavenging removal constants (the reciprocal of
residence time) may be calculated for each box using an inverse calculation. A system of
equations was developed to balance the 10Be inputs (from water transport, atmospheric
fluxes and remineralization) and outputs (associated with water transport and particulate
scavenging) of each box. It was assumed that Be scavenged from a surface box is entirely
remineralized in the underlying deep box except for Be scavenged from the Indo-Pacific
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Table 5.1
Basin volume area depth Be-10 Be-9 Be-10O/Be-9
(m^3) (m^2) (m) (at/g) (pM) (at/at)
Atlantic surface 3.18E+16 1.06E+14 300 700 23 5.1E-08
Atlantic deep 2.75E+17 9.00E+13 3000 1000 24 6.9E-08
C. Polar deep 1.47E+17 3.11E+13 4700 1400 25 9.3E-08
C. Polar surface 9.60E+15 3.21E+13 300 1300 10 2.2E-07
IndoPacific deep 8.38E+17 1.66E+14 5000 1850 27 1.1E-07
Margins 1.66E+16 1.66E+13 1000 1200 15 1.3E-07
IndoPacific surfac, 5.10E+16 1.70E+14 300 850 8 1.8E-07
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margin box which is sequestered in sediments. These seven equations constitute a matrix
of the form Ax = B. A is a 7 x 7 matrix of the quantity of Be in each box, x is a column
matrix of the 7 unknown scavenging removal constants, and B is a column matrix of 10Be
fluxes due to watermass movement and atmospheric input. This matrix was solved using a
commercially available spreadsheet (Microsoft Excel) on a Macintosh SE personal
computer. The matrices used in this model are included in Appendix 2.
Since the calculated residence times are functions of the 10Be concentrations chosen
to represent each box and of the value selected for the 10Be flux, an analysis of the
sensitivity of the models to the range of reasonable values for those parameters was
performed. The dependence of deep Atlantic, deep Indo-Pacific and whole ocean residence
times on the selected value of the 10Be flux is shown in figure 5.9. Over a range in 10Be
inputs of 6 x 105 to 1.2 x 106 at cm-2 yr 1 the calculated residence time of 10Be in deep
Atlantic water varies from 400 to 200 yrs, while the deep Indo-Pacific residence time varies
from 1800 to 700 yrs. The influence of deep water concentrations on residence times was
evaluated by setting the input of 10Be to 8 x 105 at cm-2 yr 1 and varying Atlantic and
Indo-Pacific deep water concentrations within a reasonable range to maximize and minimize
the inter-ocean difference. The results of this calculation are presented in figure 5.10,
which demonstrates that apparent residence times of 10Be in the Atlantic and the Indo-
Pacific can vary over ranges of 200 to 450 yr and of 900 to 1800 yr, respectively,
depending on the deep water concentrations chosen. A "best" set of residence times,
calculated using a 10Be flux of 8 x 105 at cm-2 yr 1 (consistent with the theoretical
estimates of O'Brien (1979) and Reyss et al. (1981)) and the concentrations discussed
above, was taken to be 300 yr in the Atlantic and 1300 yr in the Circumpolar and Indo-
Pacific. These values are generally in agreement with those estimated by Ku et al. (1990)
and Anderson et al. (1990). Using ratios of 10Be and 230Th in surface sediments from two
pelagic cores Ku et al. (1990) calculated lower limits of 480 and 1250 yr for residence
times in the open Atlantic and Pacific respectively. Anderson et al. (1990) found a wide
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Dependence of model residence times on the Be-10 flux
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Figure 5.9. Dependence of model Be residence times on the global 10 Be flux.
150
Dependence of model residence times on the inter-oceanic
variation in Be-lO used as model input
Be residence time
(years)
600
400
200 -
000 -
800
600
400
200
Atlantic Deep Indo-Pacific Deep World Ocean
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concentrations. Three model runs were set up: one taking "best" estimates of deep Atlantic
and Pacific 10Be concentrations (Atl = 1000 at g-1, Pac = 1850 at g-1), a second maximized
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range (500 to 3000 yr) in 10Be residence times, using 10Be and 230Th in a suite of 10 open
ocean Pacific sediment cores demonstrating the spatial variability of residence times
determined by this technique. Anderson et al. (1990) also found a residence time of -100
yrs in Pacific ocean margins; the model residence time in the Pacific margin box is 60 yrs.
The "best" set of scavenging removal constants allows the model to be used place
limits on the magnitude of 9Be inputs. In this case the model was not explicitly solved but
instead was tuned to yield observed distributions. Values of riverine and hydrothermal
fluxes were taken from this work and Measures and Edmond (1983) and the additional
input required, assumed to be aeolian, was adjusted to produce reasonable distributions.
Once again a matrix of 7 equations with 7 unknowns was created. In this case A is a
matrix of fluxes which are dependent on the quantity of Be present, and B is a column
matrix of fluxes which are independent of the concentration of Be. The unknowns, x,
were set to be the concentrations of 9Be in each box. A series of model runs (shown in
figure 5.11) show the quantity of aeolian material required to produce the observed
distribution of 9Be, given various 10 Be fluxes and the associated residence times as
calculated above. In all cases there must be substantial aeolian fluxes (on the order of
2 x 107 mol yr 1 ) to balance the scavenging removal. This is several times larger than
estimates of dissolved riverine inputs (5 x 106 mol yr-1) from section 5.3 and from
Measures and Edmond (1983). The magnitude of these model-calculated fluxes may be
compared to fluxes estimated using the aeolian 9Be data from the Mediterranean. The value
of 0.23 ppm soluble Be in atmospheric aerosols calculated from mass balance in the
Mediterranean can be applied to global fluxes of aeolian material using the flux estimates of
Prospero (1981) (table 5.2). The range of values calculated in this way (3 to 12 x 106
mol yr 1 in the Atlantic and 5 to 15 x 106 mol yr-1 in the Pacific) is comparable to those
required to balance the model.
This model may be used to examine the effects of other processes on the isotopic
distribution of Be isotopes in the oceans. Previous research on deep-sea sediments has
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Figure 5.1 la started with a low global 10 Be flux (6 x 105 at cm -2 yr-1 ). This resulted in
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required was 2.7 x 107 mol yr-1--five time the riverine flux.
22
926
Surface
25
24
1069
20
887
Surface
25
7.28E-08
Atlantic
S1'0
7.55E-08
Deep Atlantic
153
15 I
11
1100 1.64E-07
Surface Circumpolar
1.0 4
13 -4-1 0
989 1.24E-07
Surface Indo-Pacific
A 5 Ocean
T . 1 . .
S 1'0
1401
1'0 t
27
18101.04E-07 I
Deep Circumpolar
-10
Legend
water fluxes in sverdrups
Be-9 (pM)
Be-10 (at/g)
Be-10:Be-9 (at/at)
Deep
-45
18
1188
Margins
Indo-Pacific
Global Be10
River Atl Be9
River Pac Be9
Med Be-9
Hydrothermal Atl
Hydrothermal Pac
Surf res. time
Deep res time Pac
Deep res time Atl
margin res time
Dust Ati Be-9
Dust Pac Be-9
Input
8.00E+05
4.05E+06
4.50E+05
8.00E+05
5.00E+05
2.00E+06
30
1300
300
60
Output
2.00E+07
1.80E+07
Figure 5.11b was initialized with a global 10Be flux of 8 x 105 at cm-2 yr- 1. This resulted
in residence times of 1300 yr in the Indo-Pacific and 300 yr in the Atlantic. A global
aeolian 9Be flux of 3.8 x 107 mol yr-1 was required to tune the model.
23
1030
1.12E-07
10
1.1OE-07
. i 1
154
15
20
887
Surface
25
7.28E-08
Atlantic
4- -
+ 1'0
23
1030 7.55E-08
Deep Atlantic
11
1100 1.64E-07
Surface Circumpolar
1.0 4
f 110
22
1401 1.04E-07
Deep Circumpolar
-10
Legend
water fluxes in sverdrups
Be-9 (pM)
Be-lO (at/g)
Be-10:Be-9 (at/at)
13 4-10
989 1.24E-07
Surface Indo-Pacific
A 5 Ocean
1'0 1
27
1810
18
1188
Margins
A
Deep Indo-Pacific
-15
Global Be10O
River Ati Be9
River Pac Be9
Med Be-9
Hydrothermal Ati
Hydrothermal Pac
Surf res. time
Deep res time Pac
Deep res time Atl
margin res time
Dust Atl Be-9
Dust Pac Be-9
Input
8.00E+05
4.05E+06
4.50E+05
8.00E+05
5.00E+05
2.00E+06
30
1300
300
60
Output
2.00E+07
1.80E+07
Figure 5.1 lc started with a higher global 10 Be flux (1.2 x 106 at cm -2 yr-l). This resulted
in shorter residence times than other runs (800 yrs in IndoPac; 200 in Atl), and thus higher
global aeolian 9Be fluxes (5.1 x 107 mol yr-1) were required to tune the model.
1. 12E-07
1'0
1.10E-07
I
II ]!
I
155
demonstrated that there may have been changes in the Be isotopic signature of ocean waters
in the past on timescales of both 106 year (Bourles et al., 1989b) and 105 year (Henken-
Mellies et al., 1989). A number of mechanisms have been proposed to explain these
observations, including changes in oceanic circulation patterns. Model runs may provide
insight on the magnitude of the effects of variability in rates and patterns of ocean
circulation.
To examine the results of varying ocean circulation rates, model fluxes were altered
in several ways. The first was to reduce the rate of circulation by decreasing North Atlantic
Deep Water formation without altering the residence times of Be. The second was to halve
the rate of circulation and to double the surface residence times, assuming that the reduced
upwelling would bring about a corresponding reduction in productivity and hence in
scavenging. The results of these model runs are displayed in table 5.3, and they indicate
that the Be isotopic distribution in ocean basins is not strongly influenced by patterns of
circulation. A further test of the sensitivity of the model to circulation rates, maintaining the
present circulation pattern but doubling water fluxes, is also included in table 5.3. Again
the deep waters show small changes in Be isotope concentrations and virtually no change in
10Be:9Be. The isotopic ratio of the material entering at the surface of an ocean basin has a
stronger influence on the ratio in the deep waters than do circulation patterns.
5.5 Conclusions
Further constraints have been placed on riverine fluxes of 9Be and 10Be to the
oceans. Freshwater endmember concentrations of 9Be, accounting for estuarine removal,
have been estimated to be 70 pm for the Ganges-Brahmaputra and 300 pm for the Amazon,
while 10Be endmembers were estimated at 70 at g-1 in the Ganges-Brahmaputra and 270 at
g-1 in the Amazon. These values support the global average estimate of 150 pM 9 Be for
world rivers (Measures and Edmond, 1983) and correspond to an annual dissolved flux of
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Table 5.2. Estimates of global aeolian Be
Be content of Mediterranean atmospheric
dust fluxes of Prospero (1981)
flux based on the apparent
aerosols applied to global
Basin min dust max dust Be min Be max
Atlantic 1.3E+14 4.6E+14 3.3E+06 1.2E+07
Indo-Pacific 2.0E+14 6.0E+14 5.1E+06 1.5E+07
total 3.3E+14 1.1E+15 8.5E+06 2.7E+071
Table 5.3. Effects of alteration of circulation
Be isotopic composition of ocean basins
rates and patterns on
I
Alteration
none
Half NADW flow; maintain
surface Be residence time
Half NADW flow; double
surface Be residence time
Double circulation rate
maintain Be residence time
ndo-Pacificlndo-Pacific
Be-10 Be-9
(at/g) (pM)
1810 27
1837
1820
1671
Indo-Pacific
Be-10:Be-9
(at/at)
1.10E-07
Atlantic
Be-10
(at/g)
1030
Atlantic
Be-9
(pM)
23
Atlantic
Be-10:Be-9
(at/at)
7.55E-08
24 1.28E-07 1059 24 7.34E-08
24 1.28E-07 1147 25 7.60E-08
25 1.11E-07 1097 21 8.62E-08
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5 x 106 mol yr-1. Rivers are a minor source of 10Be; it is estimated that <1% of 10Be
entering continental watersheds is ultimately brought into the deep oceans in dissolved
form, but a significantly larger percentage is retained in coastal sediments.
The influence of atmospheric aerosols on the marine chemistry of Be has been
investigated through examination of profiles of Be isotopes in the Mediterranean. The
Mediterranean is enriched in 9Be and depleted in 10Be relative to the Atlantic. Mechanisms
which explain this observation require input of terrestrial material (which has low
10Be: 9Be) to increase the 9Be concentration coupled with enhanced removal of both
isotopes, through scavenging either onto aluminosilicates or biological particles. The input
and scavenging of Be are not necessarily separate, but could be a single process involving
exchange and isotopic homogenization between particulate and dissolved reservoirs.
The flux of aeolian 9Be to the oceans was investigated using two independent
approaches which indicate that a significant portion, probably the largest component, of the
flux of 9Be to the oceans is associated with aeolian material. The first approach examined
the 9Be budget of the Mediterranean to estimate the quantity of 9Be per gram of
atmospheric dust which dissolves upon contact with seawater, and then applied that value
to global ocean aerosol inputs. This calculation yielded a range of 1 x 107 mol yr-1 to
3 x 107 mol yr-1, which is higher than estimates of the dissolved riverine flux. The
second used a simplified global ocean model to balance the budget of Be isotopes and
required comparable aeolian fluxes to achieve steady-state.
Since the residence time of Be in the oceans is on the order of the oceanic mixing
time, the present day inter-oceanic variation in 10Be:9Be appears to be a function of inputs
of 10Be and 9Be to each ocean basin. Since there is little longitudinal variability in the flux
of o10Be, the relative fluxes of 9Be to each basin must be the dominant factor in setting
10Be:9Be. Past variations in 10Be: 9Be may be related either to changes in dust input or to
variations in global fallout of o10Be. Lunar and meteoritic evidence (reviewed by Reedy et
al. (1983)) suggests that there have not been large variations in cosmogenic production on
158
the 106 to 107 yr timescale. Therefore, variations in authigenic 10Be: 9Be in sediment cores
not associated with radiodecay, such as those observed by Bourles et al. (1989b), may be
due to changing fluxes of aeolian material on local or basin-wide scales.
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Chapter 6 Examination of surface exposure ages of terminal moraines in
Arena Valley, Antarctica using in situ produced beryllium-10 and
aluminum-26
Abstract
Beryllium- 10 and Aluminum-26 have been determined by accelerator mass
spectrometry (A.M.S.) in a suite of quartz samples taken from sandstone boulders
deposited in several moraines in Arena Valley, a dry valley adjacent to the Taylor Glacier in
the Quatermain Mountains, Antarctica. Beryllium-10 (tit2 = 1.5 x 106 yrs) and Aluminum-
26 (t1 2 = 0.70 x 106 yrs) are produced in surficial quartz by cosmic ray spallation of 160
and 28 Si. Concentrations in these samples ranged from 6.1 x 105 to 3.0 x 107 at g- 1 for
10Be and from 9.4 x 106 to 1.2 x 108 at g- 1 for 26A1 depending upon the extent of
exposure at the surface.
Using these data it is possible to calculate production rates of the two isotopes. At
1300 m and 870 S these are 17.3 6 at g-1 yr-1 for 10Be and 113 _5 at g-1 yr-1 for 26A1
with a production ratio of 6.51 _+1. (uncertainties estimated through Monte Carlo
simulations). Assuming an attenuation length of 150 g cm-2 , these values correspond to
6.4 at g-1 yr-1 for 10Be and 41.7 at g-1 yr-1 for 26Al at sea level and geomagnetic latitude
greater than 600, and are consistent with those determined by Nishiizumi et al. (1989) from
11,000 year old glacially polished surfaces in the Sierra Nevada in California. Using these
production rates, exposure ages for the various moraines ranging from 50 kyr to 2.5 Myr
were calculated The trends in the 10Be and 26Al ages of the moraines are consistent with
those expected from geologic evidence.
The 10Be and 26A1 ages show the same trends as those found by Brook and Kurz
(pers.comm., 1990) for the same rocks using a similar dating method based on in situ
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production of 3He. Analyses of that data in conjunction with the present data set yields an
estimate of 3He production of 230 + at g 1 yr 1, corresponding to 85 13 at g-1 yr-1 at sea
level. This value is lower than a value of 160 + 40 at g-1 yr-1 calculated for sea level and
high latitude from the data of Kurz et al. (1990) which was based on volcanic flows at low
latitude less than 2000 years old. It is also less than value of -150 calculated by Cerling
(1990) from samples collected from 14,400 yr old volcanic flows. This discrepancy is
likely due to diffusive losses which may become significant (up to -50%) for surface
exposure ages on the order of 2.0 Myr (M. Kurz and E. Brook, pers. comm., 1990; Trull
et al., 1990 in press; and Trull, 1989).
6.1 Introduction and sample description
6.1.1 Introduction
On the order of 0.1% of the flux of secondary particles (primarily neutrons and
muons) produced by cosmic rays entering the Earth's atmosphere reaches the planet's
surface (at sea level) and produces cosmogenic isotopes within the mineral lattices of
exposed rocks. As first suggested by Davis and Schaeffer (1955) measurement of the
concentrations of these isotopes in surficial rocks should allow quantification of the period
of exposure to cosmic radiation, provided that the production rates of these isotopes are
known. Knowledge of surface exposure ages has applications in examination of glacial
history (through analyses of glacially polished surfaces or boulders within moraines or
other deposit), of lava flows, or of material exposed through faulting. In order to develop
the in situ method of exposure age determination and to further our knowledge of Antarctic
glacial history, a series of moraines believed to be associated with high stands of the East
Antarctic Ice Sheet were sampled and analyzed.
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6.1.2 Sample description
The site selected for this study, the Dry Valleys of Antarctica, has a number of
characteristics which it favorable for examination of in situ production. Because the region
is a frozen desert, complications related to extensive freeze-thaw cycles, soil formation, and
chemical erosion are minimized. At the high latitude (780 S) and altitude (1100 to 1700 m)
of the sampling site cosmogenic production rates are high, and therefore less material is
required to obtain precise results. In the case of Arena Valley, where most of the samples
were collected, relative ages of the moraines are well determined, making it possible to test
the method. The presence of quartz sandstone boulders perched within the moraines is also
beneficial. As discussed by Lal and Arnold (1985), quartz is an ideal substance for
examining isotopes produced in situ; it is a compositionally simple mineral so the number
of targets for spallation reactions is minimized and it also contains very little 27A1 (<200
ppm). The latter attribute is a requirement for the determination of cosmogenic 26A1; at
27A1 concentrations higher than -1000 ppm, 26Al: 27Al becomes difficult to measure (<10-
13). In addition, based on available diffusivity data, cosmogenic 3He should be nearly
quantitatively retained within grains in a 0.5-1.0 mm size fraction over periods up to -300
kyr (Trull, 1989; and Trull et al., 1990 in press).
Samples were taken from boulders within moraines in Arena Valley, a small valley
in Southern Victoria Land, East Antarctica, which cuts though rocks of the Beacon
Supergroup, and is composed of Devonian and Jurassic sandstones and siltstones with
doleritic intrusions. The moraine boulders are derived from these Devonian-Jurassic
sandstones. Samples were collected by R. Weed, S. Wilson and R. Ackert (University of
Maine) and by M. Kurz and E. Brook (Woods Hole Oceanographic Institution); further
details of sampling are included in Brook et al., (1990 in prep.). Sample collection sites
are mapped in figure 6.1, and relevant data are summarized in table 6.1. Arena Valley is
I
Figure 6.1. Map of Arena Valley showing sampling locations. Inset map of Antarctica
showing general location of Arena Valley.
Table 6.1
sample ID moraine altitude sample interval comments
(km) cm- cm
BW84-87
SCW87-4-1
BW84-134
BW84-33
BW84-71
SCW87-5
KBA89-41-2
KBA89-45-1
AA86-5
AA86-14
AA86-15
BW84-105
SCW87-3-1
AA86-16
SCW87-1-1
Taylor II
Taylor II
Taylor Ill
Taylor III
Taylor III or Taylor I1
Taylor III
Taylor IVa
Taylor IVa
Rhone platform
Taylor IVb
Taylor IVb
Taylor IVb
Taylor IVb
torr above TaylorlVb
Quatermain
1.30
1.30
1.30
1.30
1.05
1.30
1.17
1.16
0.80
1.55
1.60
1.30
1.60
1.65
1.35
0.0- 5.0
1.0- 3.5
0.0- 4.0
0.0- 3.5
0.0- 4.0
1.0- 8.0
0.0- 6.0
0.0- 7.0
0.0- 3.5
0.0- 2.0
0.0- 6.0
0.0- 4.0
1.0- 5.0
0.0- 6.0
0.0- 6.0
fine-grained rock;
0.5 to 1.0 mm fraction unavailable
sample not from Arena Valley
estimated altitude
estimated altitude
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adjacent to the Taylor Glacier which flows from the East Antarctic Ice Sheet through the
Quatermain Mountains toward the Ross Sea. Geologic evidence from the site indicates that
the order of deposition of the moraines, from oldest to youngest, using the designations of
Denton et al. (1989), is Quatermain, Taylor IVb, IVa, III, and II. This is supported by the
preliminary 3He results of Kurz et al. (1988). Expansions of the East Antarctic Ice Sheet
are believed to be out of phase with northern glaciations, so the high stands of the Taylor
Glacier which produced these moraines should be associated with global interglacial
periods (Broecker and Denton, 1989; Jouzel et al., 1989; and references therein).
Although there have been no direct age determinations of the moraines under
examination in this study, indirect age estimates have been made (based on assumptions of
correlations between moraine deposits in Middle and Upper Taylor Valley) for most of
these moraines. The Taylor II drift and moraines have been linked to isotope stage 5
(-100 kyr), based on U/Th dates of lake carbonates in the Bonney Drift some 75 km down
the valley (Denton et al., 1989; and Hendy et al., 1979). The Taylor II moraines are older
and, again based on U/Th dates of lake carbonates associated in the Bonney Drift, are
believed to represent isotope stage 7 (-200 kyr) (Denton et al., 1989). The Taylor IVa
moraines presently have no constraints on their ages. Volcanic lava flows underlying
moraines believed to be associated with Taylor IVb have been K/Ar dated at -2.5 Myr
(Armstrong et al., 1968).
Three of the moraines under examination (Taylor II, IVa, and IVb) are well-defined
ridges with discrete positions in the valley. However, this does not entirely preclude the
possibility that material within the ridges may be derived from other glacial events. In
contrast, moraines from the Taylor III glaciation are interspersed with, and on top of,
deposits from the earlier Taylor IVa event. The cold-based glaciers present in Antarctica
may override existing moraines without disturbing them (Sugden and John, 1976).
Complications associated with overridden moraines were reduced by only sampling
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boulders seated on moraine ridges, and, in the case of Taylor IVa, sampling ridges above
what is believed to be the limit of the later Taylor III glaciation. The Quatermain Drift is
farther toward the head of the valley. One sample (AA86-16) was taken not from a
moraine but from a bedrock torr near the limit of the Taylor IVb glaciation. Another sample
(AA86-5), the only one not from Arena Valley, was taken from a glacial moraine east of the
Rhone Glacier which has been linked to the Taylor IVa glaciation.
6.1.3 Sample handling and analysis
Grains within sandstones are likely to have undergone quartz overgrowth during
weathering processes (Friedmann and Weed, 1987); the resulting siliceous and
ferromangnanese oxide coatings may be expected to contain significant levels of
atmospherically produced (meteoric) 10Be. Assuming a production rate of 17 at g- 1 yr-1
(appropriate for Arena Valley), the integrated total rate of 10Be production in a 1 cm 2
column of surficial rock is -2500 at cm -2 yr-1, several hundred times lower than the
atmospheric production rate. Because of the lack of target nuclei in the atmosphere, the
production of meteoric 26A1 is low and does not present a contamination problem. To
examine the problem of atmospheric 10Be contamination in detail a series of acid
dissolution fractions from a single sample of sandstone quartz from Arena Valley,
Antarctica (BW84-105), were analyzed (figure 6.2). Although the outermost coating of
HCl soluble material (believed to be iron oxides) and the first fraction dissolved in HF had
very high levels of 10Be (1.2 x 1011 at g-1 and 2.9 x 109 at g-1 respectively), the inner
five fractions had concentrations of 10Be averaging 2.2 x 107 at g-1. Four of these were
within analytical error (1a) of their mean while the fifth was within 2y uncertainty. If no
cleaning procedure were used then the apparent concentration would be 4.6 x 108 at g-1,
while a cleaning limited to HCl would yield an apparent concentration of 2.9 x 108 at g-1.
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Beryllium-lO in sequential
dissolution of BW84-105
0% 20% 40% 60% 80% 100%
Percent of rock dissolved
Figure 6.2. Fractional dissolution and cleaning of sample BW84-105. The outermost
fraction was soluble in 2 N HCl subjected to ultrasound for 4 hours. Inner layers were
dissolved in ~-25% HF. After the first HF dissolution fraction, the values are constant
within 2y analytical uncertainty.
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These values are comparable to levels of meteoric 10Be found on soil surfaces in
temperate latitudes (L. Brown et al., 1988 and references therein). Although atmospheric
contamination has the potential to be a serious problem, and a portion of the atmospheric
10Be appears to be bound in the silicate lattice or to have migrated into the grains along
fissures, this contaminated material is confined to the outer portions of quartz grains (in the
0.5 to 1.0 mm size fraction) and thus may be eliminated through careful cleaning.
To examine the importance of grain size in surface cleaning, the <0.5 mm size
fraction of the same sample (BW84-105) was cleaned in the manner described above. This
size fraction consists of inherently small grains and fragments of larger grains which were
broken in the crushing and sieving process. The innermost HF fraction had a concentration
of o10Be of 2.82 x 107, higher than any fraction in the earlier experiment, but not outside
2y uncertainty of the mean value of the coarser grained fractions. This result suggests that
atmospherically produced 10Be can generally be removed through careful cleaning of grain
surfaces, but that it may not always be possible to eliminate meteoric o10Be entirely when
working with small grains.
Laboratory procedures were developed based on these results. The cleaning
procedure began with ultrasonic cleaning of hand-picked quartz mineral separates for two
to four hours in -10 ml of 2N HC1. This was followed by a series of five to six sequential
hydrofluoric acid dissolutions involving gentle shaking overnight in teflon vials. Since this
took place in sealed containers, the reaction
6HF + SiO2 --> H2SiF 6 + 2H20
went essentially to completion, with an average of 0.270 (Y = 0.032) g quartz dissolving
per ml of concentrated HF added, compared with a stoichiometric value of 0.289 g. The
final two HF dissolution fractions of each sample contained sufficient quartz so they would
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be expected to have at least 3 x 106 and 107 atoms of 10Be respectively (based on 3He data
or age estimates from geologic evidence). This permitted replicate 10Be and 26Al
determinations, if desired, with acceptable counting statistics. Each sample was spiked
with 0.5 mg 9Be, analyzed and spiked for 27A1, and made into targets for AMS (see
Chapter 2 for details).
6,2 Prior results
6.2.1 Theory
Quantification of exposure ages from concentrations of cosmogenic isotopes has
been reviewed recently by Lal (1988). A model has been proposed which expresses the
change in the number of atoms of a cosmogenic isotope in a rock as a function of rates of
production, and loss through erosion and decay according to the expression
aN _Nt - Poe-Mx +  - _ N 6.1
where N(t,x) is the number of atoms in the rock at time t and depth into the rock x, Po is
the production rate at the rock's surface, M is the attenuation coefficient in rock, , is the
erosion rate, and , is the radio-decay constant. It may be solved to yield
N(t,x) = PO [e-Mx][1 -e-t(Me + X)] + N0e-Xt(ME + X)
+ Y(non-spallation reactions) 6.2
where No is the number of atoms present at the initiation of exposure. Non-spallation
reactions include production by negative muon capture, or by interaction with a-particles
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from the uranium and thorium decay series. If the sample is presently at the surface,
contained none of the isotope of interest at t = 0, and has not been affected by production
through other mechanisms, this equation can be simplified to
N(t) = P0 [1-e-t(Me + X)] 6.3(ME + )
which allows calculation of exposure ages. This model requires that
1. the mineral had no cosmogenic isotopes at the beginning of the present
exposure,
2. the system remains closed, i.e.
a. no loss of cosmogenic isotopes except through decay and erosion
b. no inputs except from in situ production
3. rates of production are well known and constant through time.
The additional assumption that
4. erosion is negligible
leads to the following simplified equations for stable and radioisotopes respectively:
N 3He = P3Het 6.4a
Noe = P1 Be (1-e - k t ). 6.4b
The validity of these assumptions is addressed below through comparison of results from
the individual isotopes analyzed.
Concordance among isotopes indicates that the material is a closed system because
the processes of gain and loss other than those described above are different for each
isotope. For example, in situ 10Be may be contaminated by meteoric 10Be (which has an
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areal production rate approximately 400 times higher), but 2 6A1 and 3He are not
significantly contaminated in this way. Helium-3 may be affected by diffusive loss or,
since it is stable, by memory of earlier exposures or retention of primordial 3He, although
primordial 3He is likely not retained in sandstones as old as these. In contrast 10Be and
26Al do not diffuse appreciably in quartz and, because of radiodecay, do not retain signals
from earlier exposure. If a samples is buried after exposure, 26Al:10Be, 26Al: 3He and
10Be:3He all decrease through radiodecay. Comparison among the isotopes thus provides
methods of assessing whether burial, meteoric contamination, or diffusive loss have
occurred.
Cosmogenic production rates vary with both altitude and geomagnetic latitude.
Studies monitoring the cosmic ray neutron flux at various altitudes and latitudes have given
rise to empirical descriptions of this variability. At low geomagnetic latitude low energy
cosmic rays are unable to penetrate the atmosphere, reducing the flux and biasing its
population toward high energy particles. At geomagnetic latitudes above 600 the neutron
flux is constant. As particles travel through the atmosphere their flux is reduced as they
interact with matter. Altitudinal variation in cosmogenic production may be described by
the equation
Pa = Pbel(b -a)/L] 6.5
where Pa and Pb represent the production at atmospheric depths a and b (expressed in g cm
2), and L is the attenuation length (the reciprocal of M, the attenuation coefficient).
The value of the attenuation length in the atmosphere is dependent on both altitude
and geomagnetic latitude (k) because of variability in the energy spectrum of cosmic ray
neutrons. The dependence of attenuation length on altitude is significant only at
atmospheric depths less than 600 g cm -2 (corresponding to altitudes over 4500 m ). The
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samples under examination were all taken from altitudes less than 2000 m so a single
attenuation length will be used at a given geomagnetic latitude. At low geomagnetic
latitude, where the cosmic ray flux is biased toward high energy particles, the attenuation
length is greater. This effect on attenuation length is most pronounced at low atmospheric
depths (< 600 g cm-2). Merker et al. (1973) summarized data from high altitude balloons
and aircraft which indicate that attenuation lengths vary with latitude from 164 g cm -2 at X
> 600 to 200 g cm-2 at X = 70, in concordance with the earlier work of Lingenfelter (1963).
Simpson and Fagot (1953) reported that attenuation lengths at atmospheric depth greater
than 600 g cm-2 were independent of latitude, relative to attenuation lengths at higher
altitudes, and were in the range of 135 to 150 g cm-2 . Other values at low altitude range
from 140 to 170 g cm-2 with no obvious latitudinal dependence (Mabuchi et al. (1971), and
references therein). The present work, in which all samples are from high latitude at
atmospheric depths greater than 850 g cm-2, will employ an attenuation length of 150 g cm-
2
The latitudinal variability of the cosmic ray flux, which results from the Earth's
magnetic field, was extensively examined at sea level by Rose et al. (1956). Their results,
which were obtained during a period of low solar activity, show an 75% increase in
neutron flux from 0' to 600 geomagnetic latitude, with constant values above 600. At higher
altitudes this variability is more pronounced. Merker et al. (1973) and Pomerantz and
Agarwal (1962) found 5-fold and 2.5-fold increases in neutron flux from low to high
latitude at atmospheric depths of -250 g cm-2 and 680 g cm-2, respectively. Care is
required in scaling production rates from one location to another. In their assessment of
spatial variability of production rates Yokoyama et al. (1977) used latitudinal scaling factors
taken from Merker et al. (1973) which were measured at high altitudes. Yokoyama et al.
(1977) implied that a constant attenuation length was appropriate for use at all altitudes and
latitudes. In this work the latitudinal variation in sea level neutron fluxes of Rose et al.
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(1956) is coupled with with the attenuation lengths discussed above to scale production
rates.
6.2.2 Recent data on production rates and ratios
Recently production rates and ratios of 10Be and 26Al were calculated by
determining the concentration of these isotopes in glacially polished surfaces in the Sierra
Nevada with exposure ages estimated to be 11±-1 kyr through 14C dating of associated
sites (Nishiizumi et al., 1989). The production rates obtained, 6.03 ± 0.62 at g- 1 yr-1 for
10Be and 36.8 ± 4.4 at g-1 yr-1 for 26A1 at high latitude and sea level, have uncertainties
primarily associated with the ambiguities in the age of the surface. The 26Al: o10Be
production ratio, 6.04 ± 0.54, is independent of the actual age, because these surfaces are
young enough so that the isotopes may be considered stable. This ratio consistent with the
earlier estimate of ~7 of Klein et al. (1986) which was based on examination of Libyan
Desert Glass.
The production rate of 3He has been determined in a similar fashion by Kurz
(1986), and Kurz et al. (1990) working with dated Hawaiian lava flows, and Cerling
(1990) who used dated deposits in the western United States. The production rate
calculated by Cerling (1990), 150 at sea level and high latitude with no quoted uncertainty,
is comparable to that found by Kurz et al. (1990) 160 ± 40 normalized to sea level and high
latitude (using an attenuation length of 160 g cm -2 and the latitudinal variability in neutron
flux of Rose et al. (1956)). Combining the value of Kurz et al. (1990) with the data of
Nishiizumi et al. (1989) yields production ratios of 34.0 ± 6.8 and 5.57 ± 1.17,
respectively, for 3He: 10Be and 3He:26A1.
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i6.3 Data
The 10Be and 26A1 data are presented in table 6.2. The uncertainties are calculated
from counting statistics on the accelerator and are adjusted to account for long-term
variability in the accelerator's response. In some of the youngest samples, which have
very low concentrations (-500,000 at g- 1 10Be), these uncertainties are substantial. Since
the 27A1 current within the accelerator is generally not as strong as that of 9Be, the counting
statistics for 26Al are often poorer than those obtained for 10 Be. Some samples produced
such low currents that the counting statistics limit the validity of the data to constraining the
order of magnitude of the 26A1 concentration. In order to allow direct comparison of
samples, concentrations have been normalized to represent the values the sample would
have contained had it been exposed at 1300 m. The altitudinal adjustment is
straightforward, employing equation 6.5 and assuming an attenuation length of 150 g cm-2
yr -1. Adjustment for depth into the rock was performed by taking the integrated average
production rate of material in the sampling interval and normalizing it to the rate at the
surface assuming an attenuation path length of 150 g cm -2 . Since the samples were all
from within 7 cm of the surface this adjustment was typically 4-5% and never more than
12%.
The corrected concentrations of the isotopes are presented in figure 6.3 which
shows the results for each moraine. The sample from the Quatermain Drift has the highest
levels of both 10Be and 26A1 of any in the suite, although the concentration of 26A1 is not
statistically different from those observed in Taylor IVb samples. The Taylor IVb samples
have 10Be concentrations well within experimental uncertainty of each other. In contrast,
the younger samples do not show the same concordance within each moraine. This is not
surprising considering that memory of prior exposure is more pronounced in the younger
moraines than in older moraines where 10Be and 26A1 present at the initiation of exposure
Table 6.2
sample ID moraine Be-10 AI-26 AI:Be AI:Be Be-10 Be-10 AI-26 Al-26
at/g atom/g ratio error normalized normalized normalized normalized
error error
BW84-87 HFS5
SCW87-4-1 HF6
BW84-134 HF5
BW84-33 HF2
BW84-33 HF3
BW84-33 HF4
BW84-71 HF5
SCW87-5 HF6
KBA89-41-2 HF4
KBA89-45-1 HF4
AA86-5 HF5(Be) HF4(AI)
AA86-14 HF5
AA86-15 HF5
BW84-105 HCI
BW84-105 HF-1
BW84-105 HF-2
BW84-105 HF-3
BW84-105 HF-4
BW84-105 HF-5
BW84-105 HF-6
BW84-105 fines HF5
SCW87-3-1 HF5
AA86-16 HF5(Be), HF4(AI)
SCW87-1-1 HF5
Taylor II
Taylor II
Taylor III
Taylor III
Taylor III
Taylor III
Taylor III or Taylor III
Taylor III
Taylor IVa
Taylor IVa
Rhone platform
Taylor IVb
Taylor IVb
Taylor IVb
Taylor IVb
Taylor IVb
Taylor IVb
Taylor IVb
Taylor IVb
Taylor IVb
Taylor IVb
Taylor IVb
torr above TaylorlVb
Quatermain
6.10E+05
4.87E+06
1.97E+06
1.30E+07
1.57E+07
1.09E+07
2.70E+06
1.39E+07
4.47E+06
1.30E+07
3.37E+06
2.76E+07
2.64E+07
1.77E+11
2.69E+09
2.17E+07
2.32E+07
1.75E+07
2.44E+07
2.22E+07
2.82E+07
2.70E+07
2.94E+07
2.97E+07
9.41E+06
2.07E+07
3.61E+07
7.12E+07
1.05E+07
9.37E+06
2.57E+07
2.55E+07
1.00E+08
1.08E+08
1.20E+08
15.43 2.44 6.45E+05
4.25 0.51 5.15E+06
18.33 3.09 2.02E+06
1.39E+07
1.67E+07
6.52 1.01 1.16E+07
3.91 1.36 3.39E+06
1.47E+07
2.10 0.97 4.98E+06
1.98 1.48 1.51E+07
7.57 1.92 5.00E+06
2.41E+07
2.20E+07
1.83E+11
2.77E+09
2.24E+07
2.39E+07
1.81E+07
2.52E+07
4.59 0.78 2.29E+07
2.91E+07
2.29E+07
3.67 0.50 2.37E+07
4.03 0.88 2.96E+07
6.92E+04
4.40E+05
2.44E+05
1.87E+06
1.09E+06
8.12E+05
2.69E+05
1.01E+06
5.38E+05
3.54E+06
4.03E+05
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Beryllium-10 concentration as a function of moraine
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Figure 6.3. Normalized concentrations of 10Be and 26A1 from Antarctic quartz. This
figure shows 10Be and 26A1 concentrations normalized to 1300 m and 0 cm depth into the
rock shown as a function of moraine sampled. See text for further discussion.
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will have decayed. Furthermore, these moraines may have been influenced by intermixing
of boulders from other glacial events. Nevertheless samples from Taylor II have less 10Be
and 26A1 than those from Taylor III which have, on average, less than those from Taylor
IVa.
When normalized 10Be and 26A1 are plotted against each other (figure 6.4a) a
general correlation between the two isotopes is observed; samples which have high levels
of 10Be have high levels of 26A1 as well. There is significant scatter, much of which may
be attributed to the analytic uncertainties. Geological uncertainties associated with the
specific exposure histories of each sample are difficult to estimate and certainly may
contribute to scatter. The methods of fitting the curve shown in figure 6.4 will be
discussed in section 6.5. Two of the youngest samples have higher levels of 2 6A1 than
would be expected from their 10Be concentrations, indicating that there may have been
26A1, but not 10Be, present at the beginning of the current exposure. Mechanisms which
could produce such a result will be discussed below.
The 10Be and 26A1 data may be examined in association with the 3He data of Brook
and Kurz (figures 6.4b and 6.4c). Recent experimental work examining the variation of
3He concentration with grain size fractions from the same samples shows that 3He
concentrations increase with grain size. This indicates that diffusive loss is significant in
samples from Taylor IVb and the Quatermain Drift. In spite of these diffusive losses, 10Be
concentrations generally correlate well with 3He. However there are three samples (BW84-
33, AA86-14, and SCW87-1-1; from Taylor I, Taylor IVb and the Quatermain Drift),
denoted with question marks in figures 6.4b and 6.4c, which have low 3He:10Be compared
to other samples.
This discrepancy could be attributed to two processes, either diffusive loss of 3He
from the sample or contamination of the sample by atmospheric 10Be. Sample BW84-33
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Beryllium-10 vs aluminum-26 in Antarctic quartz
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Figure 6.4. Correlations among 10Be, 26A1, and 3He.
Figure 6.4a shows normalized 10Be versus 26Al. The additional point, taken from
Nishiizumi et al. (1986), fits well with the present data set, but was not used in calculating
the best fit curve. Error bars are based on counting statistics. Best fit curve calculated as
described in text.
m Taylor II
O Taylor Ill
* Rhone Platform
* Taylor IVa
m Taylor IVb
a Quatermain Drift
A Nishiizumi et al (1986)
- Best fit line
182
Helium-3
4.00e+7
3.00e+7
vs beryllium-10 in Antarctic
2.00e+7 -
1.00e+7
O.00e+0 -
O.Oe+O 2.0e+8 4.0e+8 6.0e+8 8.0e+8 1.0e+9 1.2e+9 1.4e+9
He-3 (at/g)
Figure 6.4b plots normalized 3He versus 10Be. Error bars are based on counting statistics
for 10Be and machine precision for 3He. Best fit line calculated as described in text. Data
points accompanied by question marks were not used in curve fitting because of suspected
3He diffusive losses. "X" denotes a 3He concentration observed in Quatermain Drift
samples not analyzed for 10Be, coupled with the 10Be concentration observed in a sample
which may have undergone diffusive He loss. This point was not used in calculating the
curve and is included only for reference.
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Aluminum-26 vs helium-3 in Antarctic quartz
1.5e+8 -
1.Oe+8 '
CO
(10
S5.0e+7"
0.0e+10 a , , , , ,
0.0e+0 2.0e+8 4.0e+8 6.0e+8 8.0e+8 1.0e+9 1.2e+9 1.4e+9
He-3 (at/g)
Figure 6.4c shows normalized 3He versus 26Al. Error bars are based on counting statistics
for 26A1 and machine precision for 3He. The curve fitting was performed as described in
the text. Data points accompanied by question marks were not used in curve fitting because
of suspected 3He diffusive losses. "X" denotes a 3He concentration observed in
Quatermain Drift samples not analyzed for 26AJ , coupled with the 26A1 concentration
observed in a sample which may have undergone diffusive He loss. This point was not
used in calculating the curve and is included only for reference.
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was taken from a more finely grained rock (composed of conglomerations of grains < 0.5
mm in diameter) than any other samples: this would be expected to enhance both processes
mentioned above. Aluminum-26 is also higher than would be anticipated from the 3He
values. Since 2 6A1 does not have the same potential for meteoric contamination as 10Be
(because of the scarcity of target nuclei of sufficient mass for its production in the
atmosphere), this indicates that the high levels of 10Be relative to 3He are not due to
contamination and that diffusive loss of 3He is more significant in this fine-grained sample
than in samples of larger grain size. This assertion is further supported the consistency
between the observed 26A:10 Be value (6.5 ± 1.0) and the measured value of Nishiizumi et
al. (1989) for in situ production in quartz (6.04 ± 0.54). The other two samples which
appear to have low levels of 3He (AA86-14 and SCW87-1-1) are both from older deposits
(Taylor IVb and Quatermain Drift, respectively). Other samples from Taylor IVb have
significantly higher levels of 3He than does AA86-14, suggesting that this sample may
have had more diffusive loss than other samples of the same age. In fact, this datum may
be rejected with 90% confidence (according to a simple Q-test) if the five Taylor IVb
samples are taken to represent replicate measurements of 3He. Similarly, SCW87-1-1 has
less 3He than other samples taken from the Quatermain Drift. The x in figures 6.4b and
6.4c indicates the 3He concentration of other samples from that deposit (E. Brook pers.
comm., 1990), and may represent a more appropriate 3He value for comparison to the 10Be
and 26Al concentrations.
6.4 Evaluation of the closed-system assumption
Since the outer layers of the quartz grains being examined have such high levels of
10Be (as discussed above) further evidence is needed to assure that the 10 Be is not
associated with contamination by the atmospherically produced component. This may be
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demonstrated by examining a series of samples taken from the same moraine at differing
altitudes. If the samples are of the same age and have experienced the same intensity of
weathering then the abundance N is directly related to the production rate P (see equation
6.3). Substituting N for P in equation 6.5, arbitrarily selecting one of the samples for
normalization, and rearranging leads to the expression
In( Nsample ) = M (depthreference - depthsample) 6.6
reference
where depth refers to the atmospheric depth in g cm 2 . The slope of the resulting line, M,
is the attenuation coefficient in air. Four Taylor IVb samples from altitudes between 1300
and 1700 m have been analyzed for 10Be; the data are plotted in figure 6.5 according to this
equation. The resulting slope corresponds to a value of 135 fl+ g cm-2 for the air
attenuation pathlength, with uncertainties based on a least squares cubic fit (York, 1966).
This is consistent with the published values reviewed above which range from 135 g cm-
2
to 160 g cm-2 at high latitude--particularly considering uncertainties in 10Be determination
and in the reported altitudes, which were interpolated from a map with 50 m contour
intervals. The fact that the sample suite shows the theoretically expected variation with
altitude implies that there has not been contamination by atmospherically produced 10Be in
the inner grain fractions used for analysis, since such contamination would show no
relationship with altitude.
Another method of assuring that the samples are not contaminated by atmospheric
10 Be is by comparing these values with those of the other cosmogenic isotopes. The
general correlations among 10 Be, 26A1, and 3He (from the data of Brook and Kurz) indicate
that these isotopes were produced cosmogenically during a single exposure period in a
closed system.
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Figure 6.5. Variation of 10Be concentration with atmospheric depth. As discussed in the
text, the slope of the line is determined by the attenuation coefficient of cosmic ray neutrons
in air.
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6.5 Production rate constraints
The present data set is from boulders which have been exposed for different periods
of time at essentially the same location. Using these data production rates of the measured
cosmogenic isotopes may be calculated. This is accomplished by solving equation 6.3 for
t, expressing it in terms of 10Be and of 26Al, and substituting to cancel t. This yields an
expression in which the concentration of one isotope is a function of the concentration of
the other, with production rates included as constant coefficients:
P 2 6 A1 [1 - (1 - N°Be 1 X26/l
N 26A1 = P 0 e 6.726
A best fit curve for this equation will yield the production rates of the two isotopes
provided that the samples have not suffered from contamination, loss, or periodic burial.
To account for erosional processes the decay constant X must be replaced by (X + ME)
which includes an erosional term. Analogous relationships with 3He may also be examined
in this way employing the expressions
N26A= P26A (1- [  N3 R3 ) 6.8a12 6
or
P26  - N3HeMC ( ,2/dME+1)PE6Al[1- (1 - e
N 26A1 = 3 e 6.8b
(X2 6 + ME)
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depending upon whether it is necessary to consider erosion. Substitution of 10Be for 26A1
in these expressions yields the equations relating 10Be and 3He. The plot of 10Be versus
3He (figure 6.4) showed that there were three samples which have lower concentrations of
3He than would be expected from the 10Be data. As discussed in section 6.4 there is
reason to believe that these samples, because of their smaller grain-size or longer exposure
ages, have had greater diffusive loss of 3He than other samples. Therefore, although their
values are included in all figures, they are not included in any of the following statistical
analyses.
In order to fit curves of the forms described above to the data, and to determine the
constant coefficients (production rates) a X2 function,
2 (Nparameterized- Ni) 2  6.9
1
was minimized using a "downhill simplex" minimization function (Press et al., 1989) and
weighting the data according to the analytical precision (a). Curve fits and error estimates
were made using MATLAB software (produced by The Mathworks Inc.) on a Sun
Workstation. Since the relative uncertainties of the samples vary over a relatively small
range but the concentrations vary over a factor of 50, the absolute uncertainties of
individual samples have a broad range. Weighting according to inverse of the square of the
absolute variance (1/02) would result in the samples of low concentrations being weighted
extremely heavily while those with high concentrations would have very little weight;
therefore samples were weighted according their relative experimental uncertainties. To
account for uncertainties in both the dependent and independent variables the Y2 term was
represented by the term [(a/N)2 + (a/N)y]. Uncertainties in the calculated production rates
were estimated by Monte Carlo simulations which are discussed in detail below.
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The results of the three sets of two-dimensional calculations are presented in table
6.3 for 1300 m and also adjusted for sea level. These values are consistent within
uncertainty with the production rates of Nishiizumi et al. (1989) when scaled to compensate
for differences in altitude and latitude. The values of Nishiizumi et al. (1989) are based on
production in 11 kyr old glacially polished surfaces, so the agreement between these two
sets of production rates implies that the production rate during the last 11 kyr is
representative of the average production rate over the last 2 Myr.
In contrast, the production rate for 3He (235 at g-1 yr-1 at 1300 m) is significantly
lower than those reported by Kurz et al. (1990) and Cerling (1990) which are in the range
of 400 at g-I yr-1, adjusted to this altitude and latitude. Recent determinations of 3He in
various grain size fractions of the same rock have shown that these samples have
undergone significant (up to -50%) diffusive losses (E. Brook, M. Kurz, pers. comm,
1990). Therefore the calculated production rate may represent an effective production rate
which implicitly accounts for diffusive losses. Since the curve fitting calculations are
dominated by the concentrations in the oldest rocks, those in which diffusive loss is most
significant, low 3He values in those samples will lower the apparent overall production
rate. Estimations of diffusive loss by Trull (1989) and Trull et al. (1990, in press)
combined with new results of Brook and Kurz suggest that there could be a loss of up to
50% of 3He from grains of the size fraction used in the present work, over a 2.5 Myr
exposure period. A loss of this magnitude is consistent with the discrepancy among the
values of 3He production.
It is possible in principle to employ data from other locations to calculate production
rates in an analogous way. Unfortunately there is little published data which can be used in
such calculations. Nishiizumi et al. (1986) presented 26Al and 10Be determinations from
four quartz samples from various locations around the globe. Two of these are from
unknown depth below the rock surface and thus cannot be used. The datum from Allen
Table 6.3
production ratelower limit upper limit scaled to lower limit upper limit other data at reference
at/(g yr) sea level at sea level at
or ratio (at/at) high latitude high latitude
Be vs Al
Be 17.3 13.3 33.3 6.4 4.9 12.3 6.0 Nishiizumi (1989)
Al 112.5 96.9 167.2 41.7 35.9 61.9 36.8 Nishiizumi (1989)
AI:Be 6.51 5.22 7.79 6.5 5.2 7.8 6.1 Nishiizumi (1989)
He vs Be
He 231 193 318 85.5 71.5 118 160 Kurz (1990)
Be 15.5 13.7 20.2 5.7 5.1 7.5 6.0 Nishiizumi (1989)
He:Be 14.9 13.6 16.7 14.9 13.6 16.7 26.5 o
He vs Al
He 235 150 318 87.0 55.6 118 160 Kurz (1990)
Al 103.2 78.8 136.7 38.2 29.2 50.6 36.8 Nishiizumi (1989)
He:AI 2.28 1.95 2.46 2.3 2.0 2.5 4.3
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Hills, Antarctica was normalized to 1300 m and high latitude and is included in figure 6.4a.
It falls onto the curve calculated with the Arena Valley data. The Californian Sierra Nevada
26Al and 10Be data of Nishiizumi et al. (1989) are from a single exposure age and thus
would only form a point near the origin of figure 6.4a and would have little effect on
constraining the line fit. Determinations of 3He, 21Ne, 10Be and 26 A1 in a sample of
olivine from lava flow on Maui have been reported (Nishiizumi et al., 1990). That data
cannot be directly compared to the present data because production rates and ratios are
different in olivine and quartz, and because the sample with which Nishiizumi et al. (1990)
worked has apparently undergone intense erosion (-12 m Myr 1 , more than 10-3 g cm-2 yr-
1) during its exposure. Values for 26Al and 10Be in a suite of samples of Libyan Desert
Glass with a wide range of exposure ages have been reported by Klein et al. (1986). Very
low 26A1: 10 Be was found in a number of the samples, indicating either that they have had
complex histories of exposure and burial (as suggested by Klein et al. (1986)) or perhaps
that some of the samples have suffered from contamination by meteoric 10Be. In either
case the criteria required for the production rate calculation are not met.
The use of Monte Carlo simulations for estimation of errors has become common in
many fields (Press et al., 1989). In the present case the method is straightforward; it takes
the measured values of the independent variable and applies the functions (as calculated
above) to create a new set of dependent variables. These simulated data points are then
adjusted by simulated errors comparable to the uncertainties associated with the original
data. The values of the simulated absolute errors were obtained by generating random
numbers with a normal distribution about a value selected to represent typical uncertainty.
In the present case the values of these errors were distributed about 20%. The randomized
simulated data were then fit to the theoretical curves using the same x2 minimization used
for the actual data, and a new set of production rates was produced. To provide an
understanding of the uncertainty of the calculated production rates, 50 or 100 sets of
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simulated production rates were generated in this way. The distribution of the simulated
coefficients provide a means of estimating the uncertainty in the production rates derived
from the actual data. Figures 6.6a through 6.6c show the distributions of the simulated
production rates. Limits containing 68% of the simulated data may be used to estimate l1
uncertainties in the calculated production rates. These estimated 1a errors are included in
table 6.3.
The Monte Carlo simulations also provide insight into the sensitivity of the
calculated coefficients to analytic uncertainties. The simulations demonstrate that the
relationship between 10Be and 26A1 becomes unstable (production rates approach infinity)
if the random errors are such that the two isotopes appear to be linearly related. This is
because a linear relationship between the two isotopes can exist only if the exposure time
has been very short relative to the half-life of 26Al. Thus if the randomized simulated data
yield a linear relationship, the best fit function will have extremely high coefficients
(production rates), as shown in figure 6.6a.
Although it is possible to fit the 10Be, 26A1, and 3He data with a single three-
dimensional function, this method of examining the data are not entirely appropriate
because the three variables are not independent; the two-dimensional functions describing
the relationships between two pairs of variables define the relationship between the third
pair. In addition there are only 9 samples which have been analyzed for all three isotopes
and which do not have evidence for diffusive 3He loss and three of these have very poor
analytical uncertainties for 26Al. The resulting 6 data points do not adequately constrain the
best fit function.
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Monte Carlo simulation for determination of uncertainty in Al-26 and Be-10 production rates
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Figure 6.6. Results of Monte Carlo simulations for estimating errors in the production
rates of 10Be, 26Al, and 3He.
Figure 6.6a shows the results of Monte Carlo simulations of determination of the
production rates of 10Be and 26A1. As described in test the function can become unstable
and yield values of production rates which approach infinity. Therefore the figure does not
include six very high points. The lines contain 68% of the simulated data and are thus
analogous to 1 a limits.
Figure 6.6b shows the results of Monte Carlo simulations for determination of uncertainties
in the production rates of 10Be and 3He. As in figure 6.6a, the lines bound a region
containing 68% of the simulated data and are thus analogous to la limits.
Figure 6.6c displays results of Monte Carlo simulations for determination of uncertainties
in the production rates of 26A1 and 3He. As in figure 6.6a, the lines bound a region
containing 68% of the simulated data and are thus analogous to la limits.
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6.6 Other production mechanisms implied by ratios of beryllium- 10. aluminum-26 and
helium-3
The numerical analyses described above also constrain production ratios of the three
isotopes. As summarized in table 6.3, 26AI:10Be, 3He:10Be, and 3He:2 6A1 at production
are calculated to be 6.51 .29 , 14.9 -1.3 , and 2.28 0.31 respectively. The value for
26Al: 10Be, 6.5 ± 1.3, is consistent with the measured value of Nishiizumi et al. (1989) of
6.04 ± 0.54. The production ratios 3He to these two isotopes are lower than production
ratios estimated from the 26A1 and 10Be production rates of Nishiizumi et al. (1989)
combined with production rates of Kurz et al. (1990). The low values of 3He: 10Be and
3He:26A1 may be attributed to diffusive 3He losses.
While most of the samples are consistent with these production ratios some of the
youngest samples have higher 26Al: 10 Be and 3He: 10Be than the others (figures 6.7a and
6.7b), suggesting that these samples may have had 3He and 26Al present (but no 10Be) at
the initiation of their exposure. The solid lines in figures 6.7a and 6.7b show the predicted
variations of 26Al: 10Be and 3He: 10Be with time if there were no memory of cosmogenic
isotopes from earlier exposure. Since 3He is stable it would be enriched, relative to 10Be,
in a sample which had undergone periods of episodic exposure and burial. The decay of
10Be during the periods while the samples was shielded would produce high 3He: 10Be. In
addition there is a possibility that inherited primordial 3He may be present in these samples.
The 3He values reported by Kurz and Brook are total 3He values because the value of
3He:4He indicated that correction for primordial 3He was not necessary. In contrast there
is no process which lowers 10Be relative to 26A1 (26A1: 10Be decreases with both radio-
decay and atmospheric contamination) so the high ratios observed indicate that 2 6A1 (but
not 10Be) was present when the current exposure began. This suggestion requires
reactions in which more 26A1 is produced, relative to 10Be, than in neutron spallation of
196
Aluminum-26:beryllium-10 ratio
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Figure 6.7. Variation of 26Al: 10Be and 3 He: 10Be as functions of 10Be.
Figure 6.7a shows 26Al: 10 Be as a function of o10Be. The solid line shows the expected
relationship between the two isotopes based on the production rates calculated in this
chapter..
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Helium-3:beryllium-1O ratio as
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Figure 6.7b displays 3He: 10Be as a function of 10Be. The solid line shows the expected
relationship between the two isotopes based on the production rates calculated in this
chapter. Samples marked with x are suspected of having suffered from more substantial
loss of 3He than other samples.
0 t-
Oe+O
198
SiO2. A similar mechanism might account for the high 3He: 10Be observed in the same
samples. Three potential mechanisms for enhancement of 3He and 26Al production relative
to o10Be are discussed below: reactions between muons and SiO2, radiogenic production of
3He and 26A1, and changes in production ratios (with depth into a rock) due to changes in
the energy spectrum of neutrons as they interact with terrestrial material.
6.6.1 Muons
Muons interact with the nuclei of terrestrial atoms and destabilize them, producing
cosmogenic isotopes, typically through the negative Chapter capture reaction
t- + (A,Z) -> (A-x, Z-1) + (x)N + v.
In the case where A=28, Z=--14, and x=2, 26Al is produced from 28 Si. Muons penetrate
into rocks far more deeply than do neutrons (Lal, 1987), although there is little data
regarding their attenuation length in rock, it has been estimated to be -1500 g cm -2
(Middleton and Klein, 1987). Therefore, if muogenic 10Be were insignificant, material at
depth in a rock could undergo enhanced production of 3He and 26A1 relative to 10 Be.
When this material was brought to the surface it would retain a memory of this earlier
exposure at depth. The cross-section of the reaction producing o10Be from 160
g- + (160) -> (10Be) + 3P3N + v
is not presently well-defined. However, unpublished experimental results (R. Reedy and
J. Klein pers.comm., 1990) indicate that muogenic 26Al: 10Be is between 6 and 8, not
greatly different than the production ratio from neutron-induced spallation and would not
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lead to high values of 2 6A1: 10Be. If this is the case then production by muons cannot
account for the observed results. This phenomenon can be further investigated by
examination of the variation of 3He, 26Al and 10Be with depth into a rock surface. This
will allow estimation of the attenuation lengths of the particles producing the these isotopes.
High values of 26Al: 10Be and 3He:10Be at depth would support the contention that
production by muons is the source of the observed anomalous ratios.
6.6.2 Radiogenic production
Radiogenic production within mineral lattices by a-particles from uranium and
thorium decay might also produced enhanced levels of 26Al (Sharma and Middleton, 1989);
26Al: 10 Be has been observed to be as high as 500 in pitchblende. Radiogenic 10Be and
26A1 are produced according to the reactions 7Li(a,p)10Be and 23Na(c,n)26A1. In
addition, neutrons induced by (a,n) reactions produce o10Be by the reactions 9Be(n,y)10Be
and O10B(n,p)O10Be and 13C(n,a) 10Be. These neutrons also produce 3He by the reaction
6Li(n,a)3H -> 3He. Although the estimated steady-state value for radiogenic 10Be is
extremely low (24 at g- 1) in average sandstone, radiogenic 26A1 has a higher production
cross section and was estimated to have a steady-state concentration of 60,000 at g- 1 in
average sandstone (Sharma and Middleton, 1989). Radiogenic 26Al may therefore be
significant in samples with short surface exposure ages.
The production rates estimated by Sharma and Middleton (1989) imply that at least
10 to 20 ppm of U and of Th would have to be present in order to produce the observed
26Al concentrations. To examine the potential importance of radiogenic production a suite
of samples was selected for analyses of U and Th. As described in Chapter 2, these were
performed by inductively coupled plasma mass spectrometry. The innermost dissolution
fractions in which 26A1 and 10Be had been determined had been entirely used for those
sample ID
BW84-105 fines HF4
BW84-87 HF3
SCW87-4-1 HF4
BW84-33 HF1
BW84-71 HF3
BW84-134 HF3
BW84-134 HF3
BW84-134 HF3
AI-26:Be-1 0
4.6
15.4
4.2
6.5
3.9
18.3
200
table 6.4
Th ppm
0.253
0.228
0.428
3.250
0.173
0.187
0.184
0.178
U ppm
0.186
0.447
0.492
1.410
0.286
0.315
0.318
0.318
replicates
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analyses, so U and Th analyses were performed on outer fractions. The samples selected
have low levels of cosmogenic isotopes and span a broad range of 26A1: 10Be. The Th and
U data are presented in table 6.4 as well as the values of 26Al: 10Be and 3He: 10Be; all but
one of the samples analyzed had less than 0.5 ppm of either U or Th and there is no
apparent relationship between U and Th and 26Al:10Be. The sample (BW84-33) which had
the highest levels of Th (3.2 ppm) and U (1.4 ppm) did not have a high value of 26Al: 10Be.
This sample was from the first HF dissolution fraction and the higher U and Th
concentrations is probably associated with the iron-rich surface coatings. In any case none
of the samples analyzed had sufficient U or Th to support the observed 26Al excess.
Nevertheless it is possible that inclusions within the quartz grains or the iron oxides
coating them could be highly enriched in U or Th. Since the fractions used in 10Be and
26Al analyses were from the inner portions of the grains, it is doubtful that they were
influenced by Th and U present in the outer oxide coatings. The mean a-recoil distance in
quartz is -20ptm, so production of 26A1 due to U and Th in inclusions would be limited to
the regions immediately surrounding the inclusions. Furthermore the main target element,
Na, is enriched in inclusions relative to the quartz lattice so most 26A1 production would
occur within the inclusions themselves. Radiogenic 3He is produced by neutrons induced
by a-particles. Neutrons induced by U and Th decay in coatings or inclusions could
penetrate through the entire grain. However, the low Li concentrations in these rocks (< 16
ppm, M. Kurz, pers. comm. (1990)) imply that the reaction 6Li(n,a) 3H -> 3He does not
produce a significant amount of 3He.
6.6.3 Changes in neutron energy spectrum
A final speculative explanation for the high 26Al: 10Be and 3He: 10Be observed in the
youngest samples is that these production ratios increase with depth in a rock because the
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energy spectrum of cosmic ray neutrons changes as the neutrons penetrate into the rock.
Neither the excitation functions of the spallation reactions which produce 26A1, 10 Be, and
3He in SiO2, nor the changes in the energy spectrum of cosmic ray induced by interaction
with the Earth's surface, have been thoroughly investigated. If the production cross
sections of 26A1 and 3He were high for interaction of low energy neutrons with SiO2, and
if the neutron energy spectrum shifts to lower energies upon interaction with rock, the
production of these isotopes relative to 10Be could be enhanced at depth. The rock core
experiment described above could be used to examine this phenomenon. Variations in
production ratios due to changes in the neutron energy spectrum could be distinguished
from those associated with production by muons through the contrast in the attenuation
lengths of neutrons and muons.
6.7 The effects of erosion on cosmogenic isotopes
Erosion can have a strong influence on the calculated exposure ages. Figure 6.8
illustrates a model of the variation of 10Be concentration with time with a range of erosion
rates, based on equation 6.3 and a production rate of 17.3. Both the steady state
concentration and the time required to reach it are strongly affected by the intensity of
erosion.
Several methods of constraining rates of erosional processes may be employed for
the sample suite in the present study. The first methods require the assumption that the
Quatermain Drift sample is at steady state with respect to erosion and decay of 10Be and
26A1 (equation 6.3 as t approaches infinity). These isotopes provide upper limits of 1x10 -5
g cm-2 yr -1 and 2x10 -5 g cm -2 yr-1 respectively for the erosion rate. An erosion rate of
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Be-lO concentration as a function of age with a range of erosion rates
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Figure 6.8. Model curves of the increase in 10Be concentration with age for various
erosion rates. These curves were based on a production rate of 17.3 at g-1 yr-1. The family
of curves represents growth in 10 Be concentration with erosion rates (from top to bottom of
graph) of 0, 10-6, 10-5 , 3 x 10-5 , 10-4 and 3 x 10-4 g cm -2 yr-1.
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1 x 10-5, consistent with those estimated by the individual isotopes, may be obtained from
26Al: 10Be by solving the expression
26 A:'~erodcton(MS + 110)
26Al:10Bemeasured = 26Al:10Beproductio n (M + 10) 6.10(ME + X2 6 )
A final method of estimation of the erosion rate uses the 2 Myr K-Ar date of the lava flow
underlying moraines thought to be associated with the Taylor IVb moraine (Armstrong et
al., 1968) and assumes that the erosion rate from equation 6.3, yielding a value of 1.5 x
10-5 g cm-2 yr-1, consistent with results of the previous methods. These erosion rates were
estimated using production rates which were calculated with an assumed erosion rate of 10-
5 g cm-2 yr-1. Although this is a somewhat circular calculation, it should be noted that the
calculated production rates are consistent with other published estimates and that these low
levels of erosion have only a minor effect on the calculation of production rates.
Applying an erosion rate of 10-5 g cm-2 yr-1 to samples from the Taylor II, III and
IVa moraines is reasonable since they are from the same location and the boulders have
similar compositions, having originated from the same sandstone deposit, the Beacon
Supergroup. As was shown in figure 6.8 this erosion rate has a small effect on the
calculated ages less than 0.5 Myr, justifying the assumption that erosion is negligible for
the youngest samples. Such erosion has a larger influence on the calculated ages of the
Taylor IVb samples because they are closer to steady-state. Although these calculated
erosion rates may not be representative of erosion of the youngest samples (since they are
integrated averages for the past 2.5 Myr), the specific value of the erosion rate has only a
minor effect on young samples and so the specific value is not critical. Even if the erosion
rate were five times higher or lower than the selected value it would not affect the calculated
exposure ages of samples less than 0.5 Myr old by more than a few percent.
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6.8 Exposure age dating of moraines
Using the production rates described in section 6.5 it is possible to determine
apparent exposure ages of samples using the three different isotopes. Dating boulders is
problematic because their individual exposure histories are uncertain. Ages calculated from
10Be and 26A1 are plotted against the ages expected from glaciological evidence in figure
6.9. Although there are discrepancies between the ages determined using cosmogenic
isotopes and those inferred from geologic evidence the correlations are remarkable
considering the problems which can arise. These include: episodic periods of shielding and
exposure; deposition of material from one glacial event atop a moraine emplaced by
another, and variable rates of erosion. The general agreement among these independent
methods of dating demonstrates the outstanding potential of the method, particularly in
samples where the geological uncertainties can be minimized.
6.9 Conclusions
The present work examines a suite of samples from the same location with a wide
range in exposure times (-30 to -2500 kyr) in which a suite of cosmogenic isotopes have
been analyzed. This unique data set provides opportunities not only for examining glacial
histories, but also for furthering our understanding of in situ production. Determination of
a suite of isotopes in samples with a wide range of exposure ages makes it possible to
estimate production rates. The production rates calculated for loBe and 26A1 from this
sample suite are in agreement with those found by Nishiizumi et al. (1989) for exposure
during the last 11 kyr. This implies that the production rate during the last 10 kyr is
representative of the average over the last ~1000 kyr. The production rate estimated for
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Figure 6.9. 10Be and 26Al ages compared to each other and to relative glaciological ages.
Figure 6.9a shows that there is generally agreement between ages calculated from 10 Be and
26A1. The major discrepancies are in the two youngest samples which, as discussed earlier
in the text, may have 26A1 present produced through some other mechanism.
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3He is lower than those estimated using 2 to 15 kyr exposures (Kurz et al., 1990; and
Cerling, 1990); consistent with direct experimental evidence of diffusive 3He loss.
However, the generally smooth variation of 3He with 10Be and 26A1 indicates that diffusive
loss is s slow, steady process which may be modeled. The calculated production rates
could be considered effective production rates, compensating for diffusive loss.
The application of in situ produced cosmogenic isotopes to examining
geomorphological processes shows a great deal of promise; the present work demonstrates
general concordance between ages estimated using three different isotopes. However, it is
extremely important to assure that samples under examination are closed systems which
have undergone a single exposure period. This may be accomplished by measuring a
several cosmogenic isotopes in the same sample. Since each isotope has different potential
problems (i.e. diffusive loss and memory of earlier exposure for 3He, atmospheric
contamination for 10Be, other possible production mechanisms for 26A1) each additional
isotope measured adds new information, further constraining the history of the samples.
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Chapter 7 General summary and conclusions
7.1 Beryllium in tropical river systems
Work in the Orinoco and Amazon Basins has defined some to the important
parameters and processes affecting riverine Be distributions. The distribution of Be in
riverine systems is controlled by four major factors: the concentration of Be present in the
minerals undergoing weathering, the pH of the rivers, the extent of weathering, and the
partitioning of Be between dissolved and particulate phases. In many rivers all of these
influence the distributions of Be, making it difficult to deconvolute their relative effects.
However, with a set of ancillary data outlining variations in the geochemistry of numerous
rivers, it is possible to select regions where conditions allow examination of these
processes individually. In addition, the use of a pair of isotopes with differing sources
further constrains the system.
In acidic rivers (pH < 6) draining igneous rocks and without extensive contact with
floodplain sediments, dissolved Be is strongly correlated with dissolved K:Na, which is an
index of the enrichment of incompatible elements (such as Be) during fractional
crystallization. These rivers tend to drain regions where weathering of igneous rock is
transport limited and goes to completion (forming gibbsite and quartz as end products).
Distinct trends for acidic rivers draining felsic and mafic rocks were observed. This
suggests that in these systems riverine Be concentrations are determined primarily by the
concentration of Be in the rocks in the drainage basin.
At another extreme, in rivers of neutral to alkaline pH flowing through sedimentary
basins, Be distributions are controlled by the extent of interaction between the dissolved
hydroxy-complexes of Be and mineral surfaces. The data provide no support for the
contention that partitioning between solid and dissolved phases is dependent on suspended
solid concentrations, but instead imply that it is a function of the presence of clay minerals
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within the drainage basin and of the pH of the rivers. In rivers where secondary mineral
formation is extensive (indicated by a low Si/(K + Na) ratio), particles adsorb Be more
extensively than in rivers where weathering has gone more nearly to completion, leaving
residues of Al and Fe oxides and quartz. The extent of adsorption, quantified through the
use of distribution coefficients (KD), was shown to be affected by the pH (which
determines surface properties of particles and the speciation of Be) and also by weathering
intensity. At high pH, where Be is present primarily as hydroxy-complexes, KD increases.
In addition, calculated KDs are highest in rivers which drain regions where weathering has
resulted in significant formation of clay minerals, which are involved in cation adsorption
and exchange processes. In regions of more complete weathering, where clay minerals are
broken down, KDS are lower.
The passage of 10Be through tropical river drainage basins is strongly influenced by
interaction with particle surfaces, both within soils and in the rivers themselves. These
processes were investigated by coupling measurements of tropical rainwater and river
waters with data from a soil profile (R. Stallard, and J. Klein, pers. comm., 1990). Low
rainwater concentrations of 10Be, averaging 2000 at g-1, were observed in samples
collected in Trinidad. These result both from dilution by high precipitation rates and from
the low efficiency of transport of stratospherically-produced 10Be to the Earth's surface at
low latitude. The annual flux estimated from samples at Trinidad, 4 x 105 at cm -r 2 yr-1, is
lower than measurements of global 10Be flux (- 106 at cm-2 yr-1). This is consistent with
theoretical estimates of the latitudinal variability of 10Be flux.
These rainwater values are comparable to measured concentrations of 10Be in acidic
rivers where minimal loss of 10Be during transit through soils and groundwaters would be
expected. A soil profile of 10Be from the Parguaza Basin, Venezuela showed little
variability with depth, indicating that it is saturated with respect to 10Be and that no net
uptake of 10Be from the dissolved phase onto soil particles is occurring. In soil profiles
where this is the case, the inventory of 10Be is not related to the age of the profile, but
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rather to the residence time of 10Be within it. This result is consistent with the assertion of
Monaghan et al. (1983) that in Californian soil profiles there was a significant loss of 10Be
to solution, but contrasts with the observations of Pavich et al. (1984) and Pavich et al.
(1985) that in soils within the Piedmont of the eastern United States o10Be appears to be
retained nearly quantitatively within the soil column. These discrepancies may be due to
differences in soil column thickness, and to variability from site to site in the distribution
coefficients for soil and groundwater. Distribution coefficients are affected by pH and the
quantity of clay minerals present.
7.2 Global balance of beryllium isotopes
Results from the estuaries of the Amazon and the Ganges-Brahmaputra are
consistent with earlier finding that there is significant removal of Be at low salinities. Net
freshwater concentrations of 9Be, accounting for estuarine removal, have been estimated to
be 70 pm for the Ganges-Brahmaputra and 300 pm for the Amazon, while net values for
10Be were estimated to be 70 at g-1 in the Ganges-Brahmaputra and 270 at g-1 in the
Amazon. The 9Be values support the global average estimate of 150 pM 9Be (corrected for
estuarine removal) for world rivers of Measures and Edmond (1983) and correspond to an
annual dissolved flux to the oceans of 5 x 106 mol yr 1. Rivers are a minor source of
10Be; an estimate of -250 at g-1 was made for the corrected 10Be freshwater endmember,
implying that only about 1% of 10Be entering continental watersheds is ultimately brought
into the deep oceans in dissolved form. However, the riverine particulate flux to the oceans
is on the order of the the atmospheric flux to the continents, indicating, to a first
approximation, that is a steady state established between atmospheric input and erosional
loss. Much of this material is retained in coastal sediments.
The influence of atmospheric aerosols on the isotopic composition of Be has been
investigated through examination of profiles of Be isotopes in the Mediterranean. The
216
Mediterranean is enriched in 9Be and depleted in 10Be relative to the Atlantic. Mechanisms
which explain this observation require input of terrestrial material (which has low
10Be:9Be) to increase the 9 Be concentration, coupled with enhanced removal of both
isotopes. This removal may result from scavenging onto aluminosilicates or biological
particles. The input and scavenging of Be are not necessarily separate, but could be a
single process involving exchange and isotopic homogenization between particulate and
dissolved reservoirs.
Constraints on the flux of aeolian 9Be to the oceans were made using two
independent approaches which indicate that a significant portion, probably the largest
component, of the flux of 9Be to the oceans is associated with aeolian material. The first
method examined Be in samples from the Mediterranean Sea and its inflow and outflow. A
budget for the Mediterranean suggests on the order of 0.2 ppm of 9Be (-10% of the Be in
aeolian particles, assuming average crustal composition) is dissolved during interaction
between aeolian material and seawater. Applying this result to global estimates of aeolian
dust fluxes suggests that 1 x 107 to 3 x 107 mol yr- 1 of 9 Be are delivered to the oceans
by this mechanism, significantly higher than the riverine flux. The second used a
simplified global ocean model to balance the budget of Be isotopes and required aeolian
fluxes comparable to those predicted from the Mediterranean results to achieve steady-state.
The residence time of Be in the oceans has been shown to be on the order of the
oceanic mixing time (Anderson et al., 1990; Ku et al., 1990; Peng et al., 1990). Model
runs in the present work imply that variations in oceanic circulation rates do not greatly
affect the inter-oceanic variation in 10 Be:9Be. This indicates that the isotopic ratio of Be
within an ocean basin is primarily a function of the levels of 10Be and 9Be entering the
ocean basin, and that temporal variability in the ratio must be due to changes in the dust
input to the basin or to variations in the global o10Be production rate. Lunar and meteoritic
evidence (reviewed by Reedy et al. (1983)) suggests that there have not been large
variations in cosmogenic production on the 106 to 107 yr timescale. Therefore it is
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necessary to consider the effects of inputs of dust on a local or basin-side scale when
examining variations in authigenic 10Be:9Be in sediment cores. Variations in authigenic
10Be:9Be in sediment cores not associated with radiodecay, such as those observed by
Bourles et al. (1989), may be due to changing fluxes of aeolian material on local or basin-
wide scales.
7.3 The use of in situ produced cosmogenic isotopes in examination of geomorphological
processes
A suite of in situ produced cosmogenic isotopes (26A1, 10Be from the present work
combined with the 3He data of Brook and Kurz (1990, in prep.)) were used for examining
glacial history and also for refining our understanding of exposure age dating. Samples
were taken in Arena Valley, Antarctica from sandstone boulders perched on moraine ridges
associated with various periods of glacial expansion. The general concordance among
these three isotopes, and the agreement with glaciological evidence, establish the utility of
this method in examining exposure ages on 50 kyr to 3 Myr timescales.
This unique data set provides opportunities not only for examining glacial histories,
but also for furthering our understanding of in situ production. An estimate of the air
attenuation length of cosmic ray neutrons of 135 15 g cm-2 was calculated from the 10Be
concentrations of four samples taken from the same moraine over an altitude range of 1300
m to 1750 m. This is consistent with published values of the attenuation length at high
geomagnetic latitude, which range from 135 to 160. In addition, measurement of a suite of
isotopes in samples with a wide range of exposure ages makes it possible to estimate
production rates. The production rates calculated for 10Be and 26Al from this sample suite
(6.4 +5-9 and 42 +20 at g- 1 yr-1, respectively) are in agreement with those found by
Nishiizumi et al. (1989) (6.02 ± .62 and 36.8 ± 4.4 at g-1 yr-1) for exposure during the last
11 kyr. This implies that the production rate during the last 10 kyr is, within the
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uncertainties, representative of the average over the last -1000 kyr. The calculated
10Be:26A1 production ratio, 6.5 ± 1.3 is in good agreement with the value of Nishiizumi et
al. (1989) (6.04 ± .54). The production rate estimated for 3He is lower than those
estimated using 2 to 15 kyr exposures (Kurz et al., 1990; and Cerling, 1990). This is
consistent with direct experimental evidence of diffusive 3He loss (Kurz and Brook pers.
comm., 1990). However, the generally smooth variation of 3He with both 10Be and 26Al
indicates that diffusive loss is a slow, steady process which may be quantified.
The application of in situ produced cosmogenic isotopes to examining
geomorphological processes shows a great deal of promise; the present work demonstrates
general concordance between ages estimated using three different isotopes. However, it is
extremely important to assure that samples under examination are closed systems which
have undergone a single exposure period. This may be accomplished by measuring a
several cosmogenic isotopes in the same sample. Since each isotope has different potential
problems (i.e. diffusive loss and memory of earlier exposure for 3He, atmospheric
contamination for 10Be, other possible production mechanisms for 26A1) each additional
isotope measured adds new information, further constraining the history of the samples.
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River name River ID sample ID date pH Be pmolar Si .molar Na Lmolar K jimolar CI imolar >
Upper Caroni
Caronl @ Capaura 103 503 10/2/84 5.61 1109 77.2 16.0 8.9 7.7
Carrao@ Canalma 121 509 10/3/84 4.85 1014 48.0 25.0 4.8 18.8
Karun ab Paragua 181 505 10/2/84 6.08 1511 120.0 27.6 12.6 4.9
Uriman ab Uriman 151 504 10/2/84 4.97 1302 61.5 11.6 7.1 5.6
Right Bank
Antabare @ Arekuna 111 512 10/3/84 5.90 666 78.1 24.3 3.1 14.3
Ariza 211 553 10/23/84 955 201.0 81.3 21.4 15.1 D
Aro @ bridge 202 501 10/1/84 6.82 860 192.0 85.4 18.7 25.6
Aro@ Carapo 203 555 10/23/84 972 169.0 71.9 11.9 12.7 m
Aro @ mouth 201 452 3/2/83 7.40 218 224.0 78.3 16.8 27.3 1
Aro @ mouth 201 114 6/3/82 7.10 1350) 205.0 78.5 21.2 20.9
Aro @ mouth 201 516 10/6/84 6.82 790 206.0 94.3 19.9 21.6
Aro@ mouth 201 324 12/4/82 7.30 338 221.0 88.4 19.8 24.2
Aro ab falls 204 556 10/23/84 1701 156.0 65.8 22.5 11.0
Carapo 221 554 10/23/84 292 455.2 250.2 34.5 29.1 ,
Caronl @Ordaz 101 450 3/1/83 6.50 1310 95.0 23.9 7.9 7.1 ,
Caroni @ Ordaz 101 169 6/25/82 5.80 1830)( 71.5 18.0 8.5 7.1
Caroni @ Ordaz 101 210 8/23/82 6.40 1370 77.9 18.8 7.9 6.0
Caroni @ Ordaz 101 327 12/6/82 6.30 1200 85.0 21.3 9.6 6.9 C
Caura bel Tiquire 321 454 3/3/83 7.20 792 209.0 69.8 23.3 13.1
Caura bel Tlquire 321 165 6/21/82 6.30 2880x 123.0 33.7 14.6 6.3
Caura bel Tlqulre 321 211 8/20/82 6.20 1830 109.0 30.9 14.6 7.5
Caura bel Tlqulre 321 322 12/2/82 6.90 1350 178.0 53.5 18.4 8.7
Cuchlvero 301 455 3/4/83 6.90 1900 170.0 63.2 34.4 23.61
Cuchlvero 301 163 6/20/82 6.80 1980x 170.0 58.3 24.3 9.1
Cuchlvero 301 826 6/23/87 6.00 2169 169.8 57.7 27.2 9.2
Cuchlvero 301 320 12/1/82 7.00 750 233.0 84.6 24.8 12.2
Orinoco ab Casiqulare 703 476 3/4/83 6.58 809 248.0 79.2 37.2 8.5
Orinoco ab Ventuarl 701 470 3/1/83 6.25 1015 176.0 52.4 27.9 6.4
Orinoco ab Ventuarl 701 146 6/13/82 5.30 5300 76.7 17.9 11.8 3.6
Paragua ab Karun 172 506 10/2/84 5.64 1712 107.0 26.8 12.3 6.3
Paragua ab La Paragua 171 508 10/2/84 5.80 1554 111.5 27.7 9.8 6.7
Ventuarl @ mouth 601 471 3/1/83 6.20 705 192.0 58.0 26.1 5.7
Ventuarl @ mouth 601 145 6/13/82 6.00 4180'X 109.0 26.5 14.6 3.8
Yuruman @ S. Ignacio 161 507 10/2/84 6.20 630 111.4 24.0 12.5 6.3
Parguaza
Cataniapo 431 305 11/18/82 4.80 3720 104.0 21.1 16.8 5.8
Cuao ab Spapo 511 481 3/6/83 4.95 5485 98.2 21.8 27.0 8.4
Parguaza 421 461 3/7/83 6.20 4420 111.0 21.5 19.5 6.7
Parguaza 421 157 6/18/82 5.60 5100 X 80.8 16.3 13.7 4.0
Parguaza 421 531 10/13/84 5.80 3712 89.6 23.9 14.3 7.6
Parguaza 421 309 11/22/82 5.90 3950 95.9 19.7 15.5 5.5
Paria Grande 441 352 11/18/82 4.30 5760 94.2 20.9 17.5 5.1
Samariapo 451 353 11/18/82 4.90 4340 71.5 13.8 11.1 4.4
Sipapo @ mouth 501 354 111 8/82 3950 70.2 12.6 9.6 3.6
Sipapo ab Cuao 502 480 3/6/83 4.78 4870 67.9 14.5 13.0 4.9
Suapure 411 460 3/6/83 6.50 4920 137.0 44.1 34.2 13.3
Suapure 411 528 10/13/84 6.38 2324 156.0 48.9 21.0 2.7
Suapure 411 311 11/24/82 6.60 1860 170.0 53.2 23.6 7.6
Lowland Shield
Atabapo 901 473 3/2/83 4.42 707 47.7 12.0 3.2 2.8
Atabapo 901 151 6/14/82 4.30 470 X 18.2 3.3 1.9 1.7
Atabapo 901 303 11/17/82 4.20 579 30.2 4.7 0.8 1.7
Casiqulare @ S.Sebastlan 803 142 6/13/82 4.70 4530 X 57.6 13.3 10.0 3.6
Casiqulare @ Tama-tama 801 477 3/4/83 6.32 2070 114.0 36.4 21.2 6.7
Guainia @ Casiqulare 851 478 3/4/83 4.66 809 64.6 13.9 8.1 2.8
Gualnia @ Casiqulare 851 143 6/13/82 4.30 660 25.2 3.8 2.9 1.5
Guaviare ab Inirida 1001 475 3/3/83 4.85 114 178.0 101.0 22.5 8.7
Guaviare ab Inirida 1001 610 5/26/85 6.70 406 147.0 35.0 23.1 14.2
Guaviare ab Inirida 1001 302 11/17/82 6.50 600 138.0 30.8 15.6 7.5
Guaviare bel Inirida 1002 150 6/14/82 6.60 840X 118.0 24.4 15.8 8.1
Inirida 911 474 3/3/83 4.24 1580 72.7 6.5 5.6 4.2
Inlrida 911 180 6/14/82 5.20 3180 X 66.9 8.4 6.0 4.9
Inirida 911 546 10/19/84 2168 66.2 6.2 4.7 3.5
Inirida 911 301 11/17/82 4.50 2150 76.5 6.1 4.4 4.2
Vichada 921 602 5/24/85 6.10 1149 126.7 13.2 17.2 12.4
Floodplain
Apure @ el Perro 1101 456 3/5/83 8.80 175 117.0 284.0 42.3 68.1
Apure @ el Perro 1101 161 6/9/82 7.30 695, 217.0 102.0 65.3 20.9
Apure @ el Perro 1101 825 6/22/87 6.70 255 159.9 138.2 45.0 37.2
Apure @ el Perro 1101 213 8/15/82 6.90 459 213.0 74.7 53.4 11.5
Na pmolar K Amolar CI jmolarRiver name River ID sample ID date pH Be pmolar SI pmolar
I IRiver name
Apure @ el Perro
Apure @ el Perro
Apure @ El Saman
Apure @ El Saman
Apure @ Palmarito
Apure @ San Fernando
Apure @lsla Los Padrofes
Apure @Palmarito
Apure ab conf.w/Portugesa
Apure ab El Chirel
Apure ab Portuguesa
Apure bel mouth of Uribante
Arauca
Canagua @ Apure conf
Capanaparo
Capanaparo
Caparo flood plain
Flood plain Arauca
Guaritico @ Apure
La Tigra @ Apure
La Tigra @ Apure
Masparro @ Apure contf
Masparro @ Apure conf
Meta
Meta
Meta
Meta
Paguey @ Apure conf
Portugesa ab conf.w/Apure
Portuguesa @ Apure
Sarare @ bridge ab Guasdualito
Suripa 1-2km from mouth
Suripa flood plain
Uribante flood plain
Portuguesa
Acarigua @ Acarigua Rt. 5 1341 151.8 11.1 18.9
River ID
1101
1101
1103
1103
1106
1102
1108
1106
1110
1109
1110
1107
1041
1511
1031
1031
1512
1051
1141
1563
1563
1431
1431
1011
1011
1011
1011
1422
1223
1223
1121
1522
1521
1513
sample ID
523
317
921
818
916
924
819
813
822
824
922
812
525
558
457
527
563
561
920
917
814
919
817
156
212
532
307
918
823
923
915
815
559
562
date
10/10/84
11/29/82
2/24/88
6/16/87
2/21/88
2/27/88
6/17/87
6/13/87
6/18/87
6/21/87
2/26/88
6/13/87
10/12/84
10/24/84
3/6/83
10/1 2/84
10/24/84
10/24/84
2/24/88
2/21/88
6/14/87
2/23/88
6/15/87
6/17/82
8/17/82
10/14/84
11/20/82
2/22/88
6/19/87
2/26/88
2/20/88
6/14/87
10/24/84
10/24/84
pH Be pmolar SI jimolar
7.11 393 191.0
7.80 207 171.0
8.10 154 169.1
6.70 381 138.6
7.49 154 137.8
7.26 132 166.9
6.70 338 137.0
6.70 661 107.9
6.70 276 142.5
6.70 281 162.9
7.98 178 165.3
686 117.1
6.13 840 71.3
202 241.0
7.30 293 128.0
6.38 861 97.0
306 168.0
669 105.0
7.41 450 210.0
7.46 117 212.5
6.20 352 159.4
7.70 156 192.2
6.90 222 141.5
6.70 300> 103.0
6.90 345 92.4
375 102.0
6.90 218 117.0
7.42 148 251.5
6.90 266 219.9
8.37 110 175.7
7.69 212 139.5
6.10 688 227.3
582 168.0
529 96.0
Na jimolar
108.9
163.0
170.1
99.0
150.8
259.0
99.5
96.0
102.2
132.9
173.7
94.8
25.2
123.0
161.0
27.3
86.8
72.1
272.4
153.9
77.6
382.4
166.1
39.1
40.9
53.4
88.3
300.1
292.0
560.0
144.2
116.9
89.5
69.5
K pmolar CI gmolar
49.7 18.4
47.7 14.9
35.2 35.6
36.8 17.1
35.4 35.6
46.3 63.0
39.3 22.1
36.7 16.1
37.7 19.7
44.9 36.1
37.7 35.6
41.7 17.1
9.7 10.8
24.6 9.3
21.7 32.4
9.0 9.0
25.2 11.7
18.5 11.7
91.0 49.8
32.0 32.3
22.1 15.0
58.8 36.7
32.9 21.5
21.3 24.6
14.9 26.6
15.8 40.8
17.6 21.3
46.8 81.7
67.5 87.3
68.8 221.9
38.6 39.9
39.4 20.4
23.2 12.4
25.7 10.4
904 2/18/88 7.80 45 121.3
River name
Acarigua @ Acarigua Rt. 5
Acarigua @ Acarigua Rt. 5
Bocono Rt.5
Bonoco
Cojedes @ San Rafael
Guanare @Rte5
Guanare @Rte5
Guanare @Rte5
Masparro @ Rt. 5
Morador @Rte5
Morador @Rte5
Ospino
Portuguesa @ Rt.5
Portuguesa @ Rt.5
Portuguesa @ Rt.5
San Carlos @ San Carlos
Tamanaco near Tinaco
Andes
Canagua
Canagua
Canagua
Caparo
Caparo
Caparo
Chururu
Dorados
Paguey @ Rt. 5
S. Domingo
Santa Domingo
Socopo
Uribante
Mainstream Orinoco
Orinoco ab Atabapo
Orinoco ab Meta
Orinoco ab Meta
Orinoco ab Meta
sample IDRiver ID
1341
1341
1301
1301
1201
1311
1311
1311
1432
1331
1331
1321
1222
1222
1222
1211
1233
date
801
576
572
806
903
907
805
573
909
803
575
802
906
804
574
902
901
912
808
565
914
810
567
569
568
564
571
807
809
570
304
463
155
201
6/10/87
10/26/84
10/26/84
6/10/87
2/17/88
2/18/88
6/10/87
10/26/84
2/18/88
6/10/87
10/26/84
6/10/87
2/18/88
6/10/87
10/26/84
2/17/88
2/17/88
2/18/88
6/11/87
10/25/84
2/18/88
6/11/87
10/25/84
10/25/84
10/25/84
10/25/84
10/26/84
6/11/87
6/11/87
10/25/84
11/17/82
3/8/83
6/16/82
8/15/82
265
737
396
172
806
342
635
426
632
239
439
231
473
1939
880
2850
2830
270.7
143.3
242.0
191.1
132.2
181.0
149.0
116.0
238.0
208.0
157.7
176.8
165.0
135.0
139.0
83.5
80.3
Na jimolar K molar CI pImolarpH - Be pmolar Si p.molar
6.70 85 142.1
147 156.0
244 105.0
6.30 362 129.3
7.63 143 237.2
8.14 72 153.2
6.70 116 139.7
172 169.0
8.08 94 112.5
6.80 146 149.0
90 165.0
6.90 78 178.5
7.87 48 160.3
6.70 125 174.5
78 189.0
8.00 71 201.5
8.28 73 611.3
119.0
115.0
156.2
165.6
1593.4
207.7
170.9
202.0
194.8
192.0
170.0
213.4
235.3
198.1
187.0
163.2
327.2
144.5
67.5
89.9
121.8
60.5
95.4
68.7
43.1
134.0
150.0
113.4
87.2
124.0
36.9
46.1
14.6
13.3
12.2
9.7
27.8
32.7
66.9
54.4
31.8
53.0
16.4
14.2
10.6
13.7
20.4
16.7
14.4
23.2
90.5
25.6
16.6
22.0
19.6
16.3
17.0
22.6
17.7
30.7
20.6
20.3
6.2
20.0
17.0
15.7
9.3
9.2
16.6
4.1
5.6
24.6
11.7
11.0
9.0
7.6
11.7
12.2
13.9
4.1
11.9
4.4
4.3
4.1
9.6
7.8
10.5
19.3
887.6
28.3
16.1
57.8
19.7
13.9
9.4
16.1
21.9
15.0
13.3
44.4
108.6
8.35
6.00
7.48
6.20
6.00
6.40
6.60
6.30
6.00
5.74
1501
1501
1501
1531
1531
1531
1551
1541
1411
1401
1401
1571
1561
2008
2024
2024
2024
River name
Orinoco ab Meta
Orinoco ab Parguaza
Orinoco ab Parguaza
Orinoco ab Apure
Orinoco @ Cabruta
Orinoco ab Cuchlvero
Orinoco ab Caura
Orinoco @ Musinaclo
Orinoco @ C. Bolivar
Orinoco @ C. Bolivar
Orinoco @ C. Bolivar
Orinoco @ C. Bolivar
Orinoco bel C. Bolivar
Orinoco @ Ordaz
Orinoco @ Ordaz
Orinoco @ Ordaz
River ID sample ID date|River ID sample 
ID
x designates data taken from Measures and Edmond (1983)
CI ILmolar
8.1
9.9
18.9
9.9
18.5
6.3
11.1
31.8
33.9
2024
2036
2036
2048
2052
2064
2068
2076
2088
2088
2088
2088
2092
2096
2096
2096
351
138
308
133
318
827
164
453
451
168
207
325
108
170
208
326
11/19/82
6/11/82
11/21/82
6/9/82
11/29/82
6/23/87
6/21/82
3/2/83
3/1/83
6/24/82
8/22/82
12/3/82
6/2/82
6/25/82
8/23/82
1 2/3/82
date pH Be pmolar SI pjmolar Na imolar K Imolar
3950 107.0 22.5 11.2
6.30 1910 88.3 20.9 14.2
967 109.0 36.0 12.1
6.40 1770 88.3 21.5 14.0
7.10 653 110.0 33.4 11.4
6.10 2136 89.1 22.1 9.4
1470 93.3 23.2 14.8
7.50 1654 141.0 87.6 20.7
7.90 315 128.0 91.0 19.0
1350 103.0 27.5 16.3
6.60 1160 99.4 28.7 15.8
7.10 600 121.0 52.8 15.2
6.80 2910 109.0 36.3 20.0
7.20 1280 105.0 28.8 17.0
6.60 889 100.0 32.3 17.4
7.00 600 205.0 46.6 15.2
9.1
17.5
15.0
11.3
11.6
17.6
226
227
Appendix 2 Equations defining beryllium box model
The model was set up by assuming that each box is at steady-state. Inputs and outputs
were balanced using the following equations:
Surface Atlantic
DBe
-= 0 = BeDAFluxDA-SA + BeSPFluxSP-SA + AeoliansA + RiverssA - BeSAFluxSA-DA -
kSABeSA
Deep Atlantic (DA)
DBe
= 0 = BeSAFluxSA-DA + kSABeSA+ HydrothermDA + BeDCFluxDC-DC -
BeDAFluxDA-SA -kDABeDA -BeDAFlUXDA-DC
Deep Circumpolar (DC)
aBe
-= 0 = BeDAFluxDA-DC + BescFluxSC-DC +BeDpFluxDP-DC + kscBeSC -
BeDCFluxDC-DA - BeDCFluxDC-SC - BeDCFluxDC-DP - kDCBeDC
Surface Circumpolar (SC)
aBe
= 0 = BeDCFluxDC-SC - BeSCFluxSC-DC - kscBesc
Deep IndoPacific (DP)
aBe
= 0 = BeDCFluxDC-DP + BeSpFluxSP-DP+ HydrothermDp +kspBeSp -
BeDPFluxDP-OM -BeDpFluxDP-DC - BeDpFluxDP-SP - kDPBeDP
Ocean Margins (OM)
aBe
= 0 = BeDPFluxDP-OM +AeolianOM - BeoMFluxOM-SP - kOMBeOM
Surface IndoPacific (SP)
aBe
= 0 = BeoMFluxOM-SP + BeDPFluxDP-SP + Aeoliansp + Riversp -BespFluxSP-DP -
BeDSPFluxSP-SA - kspBesp
In this description subscripts refer to the initials of the name of the box, a pair of subscripts
refers to the direction of a water flux. Be refers to the concentration of beryllium (either 9
228
or 10), Aeolian, River, and Hydrotherm are self explanatory. k designates a box-specific
first order removal constant (reciprocal of residence time). Be removed from surface boxes
is remineralized in underlying deep boxes, except in the case of the ocean margins box,
where it is sequestered in sediments.
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